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Abstract: 
 
Discrete metallosupramolecular complexes, including metallomacrocycles, helicates and 
cages, have emerged as the product of vast incremental improvements in coordination 
chemistry. These intricate chemical systems have potential applications in quantum data 
storage, catalysis, separation and trapping, sensing devices as well as drug delivery. The ability 
to design and synthesise spin-crossover systems, with controlled structures and properties, 
continues to evade the chemical and physical community. Currently, there is a lot of guess-
and-check, lead-optimisation and post addendum methodology in the design of compounds 
with useful physical properties. This project aims to design and synthesise a range of 
supramolecular systems and investigate how their magnetic properties can be manipulated to 
explore the relationship between design, structure and function, or as it applies specifically to 
spin-crossover (SCO), the magneto-structural correlations. A deeper understanding of the 
factors affecting the design of more complex molecular systems with predictable structures and 
functions will enable chemists to reliably produce materials with intentional properties for use 
in future molecular devices.  Further deep studies relating structure to function in a wide variety 
of chemical systems, are necessary to provide a more extensive collection of magneto-
structural correlations, from which the design of future SCO systems can be better informed, 
and additionally, the development of new theories and models can be based.  
Firstly, a series of three Ln(III)-based complexes were synthesised via the Schiff-base 
condensation of N,N-diethylsalicylaldehyde (SAL) and tris(2-aminoethyl)amine (TREN) and 
characterised in order to assess the efficiency of the 4-position N-diethylamino electron-
donating substituent as a modulator of the fluorescence and magnetic susceptibility of this 
commonly employed TRENSAL N4O3-donor cavity ligand. The Eu(III) compound exhibited 
efficient sensitisation of the metal centre and metal centred fluorescence, while the Dy(III) 
complex demonstrated signs of single molecule magnet behaviour in DC susceptibility 
measurements.  
Next, a mononuclear hexadentate complex, of the form [FeL](BF4)2, based on the 4-
thioimidazole donor moiety, was designed to exhibit high-temperature SCO and was 
investigated using variable temperature X-ray photoelectron spectroscopy (VT-XPS). The aim 
of this study was to identify a method by which the high-spin (HS) fraction in the surface layers 
of a SCO material could be quantified using XPS, in order to allow the characterisation of 
future thin-film SCO materials and devices. Magnetic susceptibility measurements were used 
x 
 
to calibrate XPS spectral fractions, and a HS-fraction curve was obtained that closely 
resembled that of the χmT Vs T results.  
Finally, three series of five Fe(II) dinuclear triple helicate compounds, of the form [Fe2L3], 
were synthesised, characterised and explored via magnetic susceptibility and single-crystal X-
ray diffraction experiments. The general helicate architecture of each series differed by the 
steric nature of the central connecting atom of the ditopic bisbidentate imidazoleimine ligand 
donor (C, S or O). For each of the three helicate architectures, five counter ions were 
investigated; BF4
-, ClO4
-, I-/I3
-, Br- and Cl-. In this way, fifteen analogous helicate materials, 
each with subtle changes in crystallographic structure, were analysed to determine the impact 
of various structural parameters on the magnetic susceptibility of these compounds—that is to 
identify magneto-structural correlations present in this chemical system—and compare these 
to previously reported results, with a particular focus on dinuclear helicate compounds. A range 
of relationships were found between selected magnetic and structural parameters. The most 
extensive of which were the observed dependence of the T1/2 on the strength of the anion-to-
imidazole hydrogen-bonding at the external 4-position-imidazole H-N, and the relationship 
between the completion of SCO and the degree of intermolecular steric crowding of the Fe(II) 
coordination environment. As such, in this dinuclear triple helicate chemical system, the T1/2 
can be systematically tuned by substitution of the hydrogen bond acceptor, and the extent of 
SCO—that is the HS Fe(II) fraction remaining at low temperatures—can be systematically 
tuned by manipulation of the packing of adjacent helicates throughout the crystal lattice.  
Encouranged by these results, co-crystallisation of a helicate compound with selected organic 
compounds (1,4-diiodo-2,3,5,6-tettrafluorobenzene (DITFB) and 1,3,5-benzenetricarboxylic 
acid respectively (BTC)) was performed in order to further investigate structure-function 
relationships in these dinuclear triple helicate compounds. This investigation demonstrated the 
various influences of steric congestion of the SCO centres on the completeness of the spin-
transition in these compounds.   
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Chapter One - Introduction: 
 
1.1 Metallosupramolecular Chemistry 
 
Supramolecular chemistry is the study of weaker, non-covalent interactions between 
molecules, and the manner with which they can be manipulated to create large, complex 
structures.1,2 Since its birth, it has rapidly grown into one of the largest fields of nano-chemistry. 
One of the founders of the field, Nobel Prize winner Jean-Marie Lehn, defined supramolecular 
chemistry as the ‘chemistry of molecular assemblies and of the intermolecular bond’.3 
Although more informally, the field is known as ‘chemistry beyond the molecule’ and 
‘chemistry of the noncovalent bond’.2 This extremely vast area encompasses a range of 
chemical systems, such as host-guest chemistry, molecular machines as well as self-assembly 
and self-organisation.2,3  
Supramolecular chemists push the boundaries of structural and functional control over 
chemical synthesis,4,5 propelling chemistry towards controlled self-assembly; the ability to 
intentionally design and synthesise complex molecular structures and assemblies from smaller, 
pre-synthesised building blocks.6–11 Self-assembly is an important chemical pursuit in nano-
science, as it allows more complex and multifunctional molecular systems to be created.7,12–14 
The ultimate goal of supramolecular chemistry is to reach the levels of synthetic control found 
only in biological systems, from which the field gathers much of its inspiration.15,16 
The field of supramolecular chemistry was catapulted to the forefront of science research in 
1987, with the Nobel Prizes in chemistry awarded to Cram, Pederson and Lehn.17,18 The 1980’s 
and 90’s saw the synthesis of a plethora of new complex structures such as molecular ladders, 
grids, helicates,19–21 cryptands, spherands, crown ethers and interlocked species.17,22–49  More 
recently, the 2016 Nobel prize in chemistry was awarded to Jean-Pierre Sauvage, Sir J. Fraser 
Stoddart and Bernard Feringa for the ‘design and synthesis of molecular machines’, 
demonstrating the continued research effort, and further, the esteem within which the area is 
held.   
Metallosupramolecular chemistry on the other hand, as the name suggests, utilises metal ions 
in the attempt to form supramolecular assemblies. This is an extremely broad, multidisciplinary 
area of science, bringing together synthetic chemists, theoretical chemists, biochemists, 
physicists and engineers. The fact that metallosupramolecular assemblies can be so complex, 
means that they can include many chemical functional groups, and as a result, they can often 
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present very interesting mixtures of properties, or ‘multifunctionality’. Metallosupramolecules 
have been designed which have the ability to act as catalysts, to be conductive, to trap particular 
gases such as carbon dioxide, methane and hydrogen, as magnetic switches in next generation 
quantum computers and data storage devices, in sensing technologies, in toxic material 
monitoring and remediation as well as other electronic devices.1,5,29,32,50–64  
 
1.2 Metallosupramolecular Design Strategies  
 
There are a vast range of design strategies in the assembly of metallosupramolecules. These 
aim to increase the complexity and functionality of the assemblies one can synthesise, and the 
ease with which one can do so. The metal-directed self-assembly of supramolecular structures 
is a design strategy for the synthesis of large supramolecules of increasing complexity.65,66 It 
is a very broad form of theoretical understanding and takes many shapes and forms. The general 
process has taken a variety of names, such as the ‘metalloligand approach’, the ‘metalloligand 
way’, ‘coordination driven self-assembly’ and many others.5,7,67 The approach underpins the 
design strategy of the majority of discrete structures and framework architectures published 
today and has combined knowledge from organic and inorganic synthetic chemistry. In the 
most general sense, the technique involves the use of metal ions as the scaffolding with which 
to build large molecular assemblies, dictating the manner (geometry) that organic molecules 
assemble in.31,35,68–77 importantly, metal ions have an innate preference for hard or soft ligand 
donors and vice versa, known commonly as the hard or soft acid and base rule.78 The ‘hardness’ 
or ‘softness’ is a measure of the tendency of the electron density of the ligand/metal to be easily 
polarised (soft) or not (hard). Using the preferential coordination geometry and particular 
affinity for hard or soft ligand donors, the supramolecular chemist can direct the self-assembly 
of very large, multicomponent structures.4,5,7  
In this approach, a functionalised ligand is synthesised and locked in a particular geometry by 
combination with a primary metal to form a metal complex. The shape of the complex is 
dictated by the stereochemical preference of the metal ion.7 If the ligand in question has extra 
electron donor atoms after the initial coordination (in which case it is referred to as a 
metalloligand), a secondary metal ion can then be added to connect multiple metalloligands 
together in a discrete structure.79 In short, by manipulating the shape of the metalloligand 
around the primary metal ion, the stereochemical preference of the secondary metal ion, and 
the preferences of the metal ions for hard or soft ligand donors, an extremely diverse array of 
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architectures, both discrete and framework, can be produced.4–6,51,77,80,81 Using metal ions to 
direct the assembly of organic molecules overcomes the issues of poor predictability and yields 
in attempting the formation of such architectures in purely organic systems.  
Employing two different metal species, in heteronuclear complexes, provide greater flexibility 
and creativity in the design of molecular topology, allowing self-assembly to be directed in 
more complex manners.4,5,77,80 Coordination geometry can be dependent on the oxidation state 
of the metal ion, and as a result the control of experimental conditions such as oxidants, pH, 
solvent and temperature is extremely important in regards to synthesis of target compounds 
using this method.5 Conditions such as the reaction temperature and time can also be 
manipulated to obtain either the kinetic or thermodynamic product in some systems.4   
In designing discrete chemical architectures, geometric and symmetrical preferences are a 
useful tool.4,5,7,80–82 By utilising the symmetry requirements of certain discrete geometries, and 
changing the ratios of metal ions to ligands, the shapes and porosity of the compounds can be 
manipulated. Furthermore, the shape and conformational freedom of the ligands can be used in 
the design of metallocage topology. A ligand with less curvature, or a smaller deviation from 
planarity, will produce a cage of larger diameter. When the ligand is rigid and conformation is 
restricted, fewer ligand orientations are possible, and thus, a greater control of topology is 
obtained.77 The implications of this methodology have been vast. Researchers have since been 
able to construct molecular architectures with increasing size and complexity and have been 
able to include many different functional units into single structures.50,83–85 This has led to the 
design of a variety of multifunctional materials, an important avenue in the future of 
nanomaterials.4  
 
1.3 Metallosupramolecular Helicates and Tetrahedra 
 
Advances in metallosupramolecular chemistry have led to the ability to synthesise and study 
large and intricate discrete structures such as helicates and metallocages (Figure 1.1). These 
systems have demonstrated a variety of interesting structural, catalytic, magnetic, electronic 
and host guest properties, making them suitable for real world applications in areas such as 
energy storage,86 chemical sensing and recognition,77,87,88 gas storage and trapping,55,86,89,90 
catalysis,91–93 spin crossover devices (for spintronics and quantum computing) as well as in 
chemical purification.4,7,39,94 Often, these favourable properties arise as a result of the 
multifunctionality and extensive porosity these systems possess. This allows the simultaneous 
4 
 
inclusion of multiple functionalised chemical moieties, while the increased surface area of 
these chemical groups can interact with guest compounds.4,51,53–55  
 
 
Figure 1.1 Schematic representation of the single crystal X-ray diffraction structures of a dinuclear triple helicate 
(a) and a tetrahedral cage (b) explored by our research group. 
As described in the previous section, metal-directed assembly plays an important role in the 
design and synthesis of different Metallosupramolecular architectures. Three major factors 
dictate the number of ligand strands that will be able to coordinate to a particular metal centre, 
these are; 1) the potential ‘dentate’ nature of the ligand in question, that is how many possible 
donors are able to coordinate to a particular metal centre within geometric plausibility, 2) the 
potential coordination number and preferred electronic coordination environment of the metal 
centre, and 3) the shape, steric nature and flexibility of the ligand.7,28,33,36,82,95–97 As an example, 
bisbidentate ligands will form two-stranded helices when implemented with tetrahedral (four 
coordinate) metal centres (Figure 1.2a). On the other hand, if a metal centre of an octahedral 
(six coordinated) geometric preference is employed with such ligands, three-stranded helicates 
are the more likely potential product (Figure 1.2b). A bistridentate ligand donor and octahedral 
metal ion will also tend to form a double-stranded helix (Figure 1.2c). Tetrahedral and 
b) a) 
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octahedral metal complexes make excellent candidates for the design of helicates, as a result 
of their inherent helical twist.28 
 
Figure 1.2. Schematic representation of the range of helicates formed by our group using octahedral and 
tetrahedral metal ions to template the self-assembly of bisbidentate and bistridentate ligands.  
The pioneering work on discrete cage design and synthesis came from Raymond et al., forming 
Ti(IV) and Sn(IV) based polyhedral cages.98 This paved the way for numerous attempts at the 
design and synthesis of cages with various geometries and properties, most notably by Lehn,17 
Saalfrank et al.,29 Stang et al.,30 Fujita et al.,31,32 Caulder and Raymond,33 Cotton et al.34 
Lindoy,35–37 Atwood,38–42 Li,43–46 and Battern 47 to name a few.  
Helicity can be introduced in a number of ways, this includes; the steric or conformational 
restriction of ligands employed,99 hydrogen bonding100,101 or through coordinate bonding to 
metal centres.102,103 An extensive variety of helicate architectures have been demonstrated in 
the literature such as single-stranded,104–110 right through to four-stranded structures,111 as well 
as helicates of varying nuclearity (the number of metal ions in a discrete helicate) and 
architectures such as linear (the vast majority of helical systems) and circular helicates.112–115 
The motivations and inspirations for chemical systems of this variety stem from the prevalence 
and evolutionary importance of self-assembled helical architectures in nature.28,95,96,116  These 
a) b) c) 
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compounds have exhibited properties such as spin crossover (SCO),95,117–127 anticancer128  and 
antibacterial activity to name a few.20  
An interesting study by Albrecht-Gary and co-workers,129 investigated the thermodynamic and 
kinetic nature of the self-assembly in a triple-stranded dinuclear Fe(II) helicate system utilising 
a bis(2,2’-bypyridine)diamide propyl-linked ligand by means of electrospray ionisation mass 
spectrometry (ESI-MS), dissociation kinetics, spectrophotometry, potentiometry and 
molecular modelling. They concluded that, in the presence of excess ligand, the mechanism of 
helicate formation proceeded in two main steps. Firstly, the successive coordination of three 
bidenate domains from three separate ligand molecules to a single metal centre, which is then 
proceeded by the coordination of the uncoordinated ends of the three bisbidentate ligands to a 
second metal centre.   
In many attempts to form heteroleptic helices of differing nuclearity, the homoleptic helicates 
were produced.23,28,130–133 This process has been termed self-recognition in the self-assembly 
of helicate systems. This phenomenon was demonstrated in pioneering work by Lehn et al.,134 
in which different combinations of oligo-2,2’-bipyridyl ligands of varied lengths, formed only 
the homoleptic helicates with Cu(I). On the other hand, in some cases the use of mixtures of 
ligands for helicate formation can lead to mixtures of both heteroleptic and homoleptic 
coordination compounds. In this case, there is no self- or hetero-recognition of the ligand 
donors, and the self-assembly process is unspecific.103 The self- or hetero-recognition of 
ligands during helicate self-assembly can be managed by controlling the number of binding 
sites,130,135 controlling coordination geometry,132,136–138 controlling the size or potential 
intermetallic distances that the ligand would produce,139,140 or through the use of chiral 
recognition.141–143    
 
1.3.1 Directing Bis-bidentate Ligands with Octahedral Metal Ions in Helicates and     
Tetrahedra 
 
The metal-templated synthesis using octahedral metal ions to direct the assembly of bis-
bidentate ligands has delivered further control of helicate and polyhedral design.4,5,7,22,144–149 
When metal ions and bis-bidenate ligands of this manner are combined in a 2:3 ratio, they 
generally form structures of the formula [M2nL3n ] where {n = 1, 2, 3…}. Complexes of the 
identity M2L3 are most commonly helical in nature (Figure 1.3a), those with the identity M4L6 
tend to display tetrahedral architectures (Figure 1.3b), while those with an arrangement of 
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M8L12 demonstrate a variety of geometries (Figure 1.3c).
7 There are a various factors 
contributing to the product of such self-assembly.  
 
Figure 1.3. Schematic representation illustrating the possible arrangement of bisbidentate ligands and octahedral 
metal ions in a 3:2 ratio a) the helical architecture, b) a trahedron and c) a cubic cage. 
The first of which is the ligand design. The steric nature, stereochemistry, flexibility and 
linearity of the ligand are key factors in the supramolecular architecture formed.150 
Furthermore, the identity of the metal ions are also important, as intermetallic repulsions, as 
well as soft and hard acid and base interactions can influence the overall architecture.151 As 
mentioned, the ratio of metal to ligand is exactly the same for a dinuclear triple helicate as it is 
an edge-capped tetrahedral cage. Therefore, the design of the ligand is crucial in dictating 
which of the two will be formed. Both require a ligand of relative rigidity, as too much 
conformational freedom can result in a large number of mixed products. The shape of the 
ligand, and the orientation of the binding pockets are also crucial. Ligands that are straighter in 
nature tend to favour the 4:6 tetrahedral architecture, while ligands with a bend somewhere 
between the two coordinating sites often tend to favour the formation of 2:3 helical 
structures.152,153 
= Octahedral 
metal ion (M) 
= Ditopic 
bisbidentate 
ligand (L) 
M2L3 M4L6 M8L12 
a) b) c) 
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More subtle influences include intermolecular interactions (such as π-stacking and hydrogen-
bonding), solvent interactions, counter ion identity, templating effects of guest molecules and 
reaction conditions such as the solvent used or the use of kinetic/thermodynamic reaction 
conditions, as well as crystallisation technique employed.4,7,153–155   The identity of the counter 
ion used in the synthesis can also be manipulated to template helicate or cage formation.112,156–
158 For example, hydrogen-bond donors on the ligand strand can interact with hydrogen-bond 
acceptor counter ions such as SO4
2-, BF4
-, PF6
-, or the halides to direct synthesis based on the 
number and geometry of hydrogen-bonding interactions the counter ions can participate in. For 
example, employing a counter ion such as Cl- or OH- can favour formation of a helicate, while 
the use of BF4
- or Me4N
+, tetrahedral molecules with more hydrogen-bond acceptors, can 
favour the tetrahedral structure (Figure 1.4).159   
 
Figure 1.4. A schematic representation of the work of Raymond et al.,160 demonstrating the ability of the counter 
ion to direct for the synthesis of supramolecular helicate or tetrahedral cage architectures.  
M  
KOH 
M  
Me4NOH 
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1.3.2 Potential Applications of Helicates and Tetrahedra 
Research efforts towards the design of novel helicate structures has been motivated by the 
potential of these systems in a variety of applications. Many natural, chemical and biochemical 
systems contain helicity,160 for example, the glucose polymer α-Amylose161 as well as DNA 
and peptides adopting an α-helix.162 As described by Albrecht, ‘The challenge of helicate 
chemistry is not only to understand fundamental principles of recognition and (self) assembly 
processes, but also to search for new supramolecular functional devices.28 
As well as catalysis, these structures have been used as metallosupramoleclar templates in the 
synthesis of complex organic molecules.163–167 The synthesis of a trefoil knot by Sauvage and 
co-workers utilised a dincuclear Cu(I) helicate to successfully afford a Grubbs Ruthenium ring-
closing metathesis reaction, increasing this reaction yield by upwards of 40%.168   
Another area of potential for helical structures is in DNA binding for anticancer and 
antibacterial research. Cationic chiral helicates are suitable candidates for DNA binding due to 
the polyanionic and chiral nature of DNA.169–175 Helical structures have been designed to 
selectively recognize and stabilise telomeric G-quadruplex DNA and inhibit telomerase 
activity.128,171,176 A series of Fe(II) and Ru(II) compounds were designed by Hannon and 
coworkers to mimic the dimensions of α-helices in DNA recognition components in zinc-finger 
regulatory proteins.177–185 As antibacterial agents, helicate compounds have been shown to 
exhibit antimicrobial activity against both gram-negative and gram-positive bacterium. A 
recent study by Howson et al. presented an isomerically pure, thermodynamically stable 
anticancer helicate that is also water soluble; a key factor in the design of biologically active 
materials for real world applications.20 Furthermore, helicates have demonstrated effectiveness 
as inhibitors for viral replication.186 
The potential applications for both helicates and tetrahedral cages stem from their ability to 
participate in host-guest chemistry and catalyse chemical reactions. Porosity, brought about by 
the presence of large internal cavities, provides an internal environment that differs to that of 
the external environment. Whether it be an open coordination site on a Lewis-acid metal-ion, 
free ligand electron donors, other electrostatic interactions such as hydrogen-bonding or π-
interactions, or even simply, the confined encapsulation of molecules by sterics or size, these 
internal cavities can act as excellent catalysts for a range of reactions (Figure 1.5). The variety 
of reactions catalysed within Metallosupramolecular assemblies include aza-cope 
rearrangements,187,188 Diels-Alder,189,190 aldehyde C-H activation selective for size and 
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shape188,191 and stereospecific photodimerization.192 The induction of chirality into the 
architecture has been shown to enable stereoselective host-guest interactions in some cases.144 
 
 
Figure 1.5. Demonstration of a chemical reaction catalysed in the internal cavity of a hypothetical octonuclear 
M18 M212L12 cage. Green spheres represent M1, an octahedral metal ion, and blue spheres represent M2, a square 
planar metal ion. 
 
1.4 Magneto-Chemistry 
When an external magnetic field (H) is applied to a material, the internal field of the material 
(B) tends to differ to that of H, and in general, 
 𝐵 = 𝐻 + 𝐼 (1) 
I represents the internal magnetisation of the material. The constant B/H is often represented 
as  
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𝐵
𝐻
= 1 +
𝐼
𝐻
 (2) 
 = 1 +  𝜒 (3) 
where the constant χ is the volume susceptibility. In order to relate this χ value to energy, an 
equivalent form of this equation is often given by 
 𝜒 =  
−⟨𝜇⟩
𝐻
.
𝑑𝑊
𝑑𝐻
 (4) 
Here, W is the energy per unit volume, the second term defines how the energy of the material 
changes with the external magnetic field and  ⟨𝜇⟩ is the magnetic moment. A negative value of 
χ is obtained for diamagnetic substances, while positive values indicate either ferro- or 
antiferro-magnetic paramagnetic materials. The effective magnetic moment, μeff, in Bohr 
magnetons is represented by the equation 
 𝜇𝑒𝑓𝑓 = (
3𝑘
𝑁𝛽2
)
1/2
. (𝜒𝑇)1/2 (5) 
where N is the number if moles, β is the Bohr magneton and k is the Boltzmann constant.  
As a consequence of the intrinsic spin and orbital angular momenta of an electron, they possess 
a magnetic dipole corresponding to each of these two terms. A net angular momenta (atomic 
dipole) only occurs for partially filled orbitals (an electron with no spin-paired counterpart). 
The orientation of this dipole can be dictated by the external magnetic field. This effect makes 
χ a positive value (paramagnetic). The energy required by an external magnetic field to 
reorientate these atomic dipoles is relatively close to that of the thermal energy that can be 
applied to the material, and as a consequence, χ is temperature dependant. In other words, 
paramagentism is often dependant on the temperature, and an ideal paramagnetic substance 
obeys the Curie Law, for which 
 𝜒 =  
𝐶
𝑇
 (6) 
where C is the Curie constant.  Although, very few compounds behave in such a manner, so 
the more practical form of this equation is the Curie-Weiss Law  
 𝜒 =  
𝐶
𝑇 − 𝜃
+ 𝜒𝑇𝐼𝑃 + 𝜒𝑑𝑖𝑎𝑚 (7) 
where both  𝜒𝑇𝐼𝑃and 𝜒𝑑𝑖𝑎𝑚are temperature independent paramagnetic contributions due to the 
internal magnetic field caused by the circulating electron density of the material in the external 
magnetic field, and 𝜃 is the Weiss constant.  
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The value of χ can be expressed in many ways depending on the investigation, although in this 
study, it will almost exclusively be discussed as the χm, the molar magnetic susceptibility, 
which has the units cm3mol-1.  
In transition metal complexes, the paramagnetic atom of interest is among many other 
diamagnetic atoms, and when considering the paramagnetism of this atom, a correction for the 
diamagnetic moments of its neighbouring atoms must be made. For example; 
 𝜒𝐴 =  𝜒𝑚 −  ∑ 𝜒𝐴𝑖
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
𝑖=𝑜𝑡ℎ𝑒𝑟 𝑎𝑡𝑜𝑚𝑠
 (8) 
is one such correction. Here, χA is the atomic paramagnetism contributions of the counter ion 
and ligand molecules present.  
Coupling between the magnetic dipoles (net angular momenta) of two paramagnetic centres 
via through-space coupling is extremely weak, and therefore, in complexes where the 
paramagnetic centres are separated by more than two atomic radii, this type of coupling is non-
existent. Materials for which the paramagnetic centres are magnetically independent and do 
not couple are referred to as magnetically dilute, while on the other hand, those that couple 
with their neighbours by some mechanism are magnetically concentrated, and again, this is 
relative to the temperature being considered. For example, at sufficiently low temperatures, the 
majority of materials tend to be magnetically concentrated, while at room temperatures the vast 
majority are magnetically dilute.   
Magnetic exchange is the term given to cooperative effects that result from the coupling 
between the angular momenta of paramagnetic centres, quantified by the magnetic exchange 
integral Jij (in which the terms i and j represent two separated paramagnetic atoms). There are 
two major types of magnetic exchange systems, intermolecular and intramolecular (Figure 6). 
Intermolecular magnetic exchange involves one paramagnetic centre being coupled to 
neighbouring paramagnetic centres, and these centres in turn being coupled to other 
neighbouring paramagnetic centres. In contrast, intramolecular exchange describes the 
coupling of a set of neighbouring paramagnetic angular momenta with one another, although 
not with any others in their vicinity. The latter is more common in multinuclear SCO complexes 
in which the metal centres are connected by a ligand capable of exchanging magnetic 
information.  
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Two types of cooperativity within a bulk solid material can manifest as a result of magnetic 
exchange; ferromagnetism and antiferromagnetism.193 The first occurs when the cooperativity 
results in neighbouring spin angular momenta being orientated parallel to one another 
(corresponding to a positive Jij), while the latter is characterised by interactions resulting in 
antiparallel spins on neighbouring metal centres (corresponding to a negative Jij) (Figure 1.6). 
Materials that exhibit ferromagnetic exchange interactions tend to possess enhanced magnetic 
susceptibilities in comparison to that of the equivalent system of independent atoms. While in 
contrast, antiferromagnetic exchange weakens the magnetic susceptibility. If for example, we 
take a system and assume that it obeys the Curie law (equation 7), then ferromagnetic exchange 
would manifest as a positive value for 𝜃, whilst antiferromagnetic interactions would produce 
a negative value.194–198  
 
Figure 1.6. Representation of ferro- and antiferromagnetic magnetic exchange in a lattice, demonstrating the 
interaction of their respective angular momenta (magnetic moment).  
Energetically speaking, the magnetic ordering caused by exchange interactions is competing 
with the disordering effects of thermal vibrations within the lattice.199 The temperature below 
which the paramagnetic centres are magnetically ordered is known as the Curie temperature 
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(TC) for ferromagnetic materials, and the Neel temperature (TN) for antiferromagnetic 
materials. Treatment of the behaviour in materials that exhibit magnetic exchange interactions 
above the TC or TN (the paramagnetic region) is extremely challenging, and is most simply 
modelled using the mean field model, in which an average homogeneous magnetic field 
produced by all paramagnetic centres in the crystal (the Weiss field) acts on each paramagnetic 
atom.  
Where again Jij is the exchange integral and Si and Sj represent the spin angular momentum 
quantum numbers of the atoms i and j respectively, the exchange Hamiltonian corresponding 
to the Heisenberg exchange for the ith atom is 
 𝑯𝒆𝒙 = −𝟐 ∑ 𝑱𝒊𝒋
𝑱
𝑺𝒊𝑺𝒋 (9) 
On the other hand, simplification of this equation can occur in particular systems, especially 
when exchange interactions between paramagnetic atoms occur in chains along one particular 
axis, say y for example, in which case the Ising model can be employed, and Jij can have a 
single value corresponding to the nearest neighbours of atom i. The Hamiltonian now appears 
as  
 𝑯𝒆𝒙 = −𝟐 ∑ 𝑱𝒊𝒋
𝑱
𝑺𝒚𝒊𝑺𝒚𝒋 (10) 
As briefly mentioned above, for the majority of complexes, other than for systems with direct 
metal-metal bonding, direct magnetic coupling in a ‘through-space’ manner is of little 
importance. Coupling of angular momenta can instead occur through an indirect process 
referred to as Superexchange,194–196,200,201 in which polarization of the interconnecting 
diamagnetic atoms can extend the distance of magnetic interaction. These interactions occur 
not only through covalently bonded atoms, but also via a host of electro-static interactions such 
as hydrogen-bonding. For example, an unpaired electron in a d-orbital of a metal atom can 
polarize the spin of a filled p-orbital in a neighbouring diamagnetic atom, which can then in 
turn have a similar effect on the subsequent neighbouring metal ion (Figure 1.7).194–196,202  
Several magnetic properties of inorganic compounds are commonly investigated. Two of these 
which are frequently explored in the chemical sciences are single molecule magnets (SMM) 
and spin-crossover (SCO) materials. This project focuses primarily on the structure-function 
relationships in solid-state SCO materials.  
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Figure 1.7. Demonstration of two mechanisms of superexchange between M1-L-M2. 
 
1.4.1 The Spin Crossover Phenomenon 
Spin crossover (SCO) is an interesting form of bistability found in particular complexes of d4-
7 transition metals. The d-orbital electrons in metal ions of such valencies can exist in two 
states, low spin (LS) or high spin (HS). Often referred to as spin-equilibrium, external 
perturbations such as temperature, pressure or light can cause a change in the electronic 
configuration (HS↔LS) and thus the magnetic moment of such materials. These changes, 
being electronic in nature, can also be accompanied by variations in colour, bond-lengths, 
dielectric constants, crystallographic symmetry and more.203–205 From a theoretical, 
experimental or an application standpoint, understanding and controlling the inherent magnetic 
properties of molecular materials is of great importance.203,204,206–208 
Spin crossover research began in 1931, when Cambi and Szegö presented a family of tris(N,N-
disubstituted dithiocarbamate) Fe(II) derivatives demonstrating irregular magnetic 
susceptibilities in comparison to that of a standard [Fe(acac)3] compound in a HS d
5 electronic 
configuration.209 The initial Fe(II) d6 SCO monomers were developed in the 1960’s,210 and to 
this day, the search for new N and O-donor ligand combinations producing coordination 
environments around Fe(II), Fe(III) Co(II) or Co(III) metals, yielding materials with desired 
SCO properties continues.211  
dz
2 
pz
 dz
2 
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 dxz
 dxz
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Ligand field theory (LFT) and the crystal field theory (CFT) from which it was developed, 
were first used to rationalise the bistability in the magnetic moments of transition metal 
compounds right back in 1935.212 In this case, only the metal d-orbitals are explicitly treated, 
and the spin-state was rationalised as the energetic balance between the energies for d-electrons 
to be spin-paired in the same molecular orbital (d-d inter-electronic repulsion) and the t2g → eg 
promotion energy (the ligand field stabilisation energy (LFSE)), which for the case of an 
octahedral arrangement of ligand donors correlates to Δoct. Therefore, in the case of an 
octahedral d4-7 transition metal complex such as Fe(II), the spin-state will depend on the 
strength of the ligand field applied. In the case of a weak ligand field, the spin-pairing energy 
dominates the Δoct, and the most energetically favoured (minimised energy) state is the HS-
state. On the other hand, the application of a strong ligand field results in the Δoct being larger 
than the paring energy, in which case, energy is minimised in the LS-state (Figure 1.8).213 
Therefore, in order to synthesise SCO materials, an intermediate ligand field must be designed, 
that places the pairing energy and Δoct close enough to allow the transition between LS ↔ HS 
via small external stimuli (energetic perturbations) such as temperature, pressure or light.   
Transition metal ions of the d6 electronic configuration, in an octahedral coordination 
environment, can undergo a spin-transition from diamagnetic LS state (S = 0, 1A1), to a 
paramagnetic HS (S = 2, 5T2) state. That is, the material undergoes a transition from completely 
diamagnetic to completely paramagnetic. Therefore, the d6 transition metal complexes undergo 
the largest change in magnetic moment with temperature, and for this reason are the most 
thoroughly studied.204,207,214–220  
Spin crossover materials maintain a vigilant research focus as a product of their potential in 
future applications such as molecular switching, sensing, electronics, computing and data 
storage (spintronics).211,221–225 These potential applications all stem from the inherent 
bistability of SCO materials—magnetic changes acting as an off/on switch, sensor or trigger—
as well as from the various ways that the spin-transition can occur and be readily altered. Even 
though this may seem an advantage for SCO materials research, the ease with which the 
magnetic properties can be altered by factors such as solvent, crystal packing and 
intermolecular interactions, makes engineering precise devices inherently difficult. The 
intricate effects of magnetic coupling and cooperativity on the spin-transition inherently 
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complicates the understanding of the process, and as a result, the planned design and synthesis 
of SCO systems with predetermined, intentional properties still represents a major challenge.  
 
 
Figure 1.8. Representation of the d6orbital arrangement of electrons in the HS and LS states with a corresponding 
energy coordinate diagram.  
Advances in metallosupramolecular design and synthesis using metal-directed design 
strategies are constantly providing SCO complexes of increasing complexity, and, more 
importantly from an engineering standpoint, of simple synthetic procedures that can be scaled 
up.45,117,226 Synthetic pathways that do not require extensive ligand synthesis and utilise 
commercially available materials provide spin crossover devices with more potential for 
industrial applications.117,222,227     
 
1.5 Methods of Analysing SCO Compounds  
In the study of spin-crossover compounds, a variety of methods exist that enable the spin-state, 
and various structure-function parameters to be investigated. These methods include 
Mössbauer, magnetic susceptibilty, Uv-Vis (ultra-violet-visable), Differential scanning 
calorimetry (DSC), nuclear magenitc resonance (NMR), X-ray Diffraction, X-ray 
photoelectron spectroscopy (XPS) as well as Infra-red and Raman spectroscopy. In this work, 
the most commonly utilised techniques of identifying the spin-state are magnetic susceptibility, 
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X-ray diffraction and XPS, and consequently, these techniques will be briefly explored below 
as they relate to SCO compounds.      
1.5.1 Magnetic Susceptibility  
The molar magnetic susceptivity (χm), as described above, is often measured as a function of 
temperature, and the quantity quoted is then the χmT, or phonetically ‘chi em tee’, with units 
cm3K-1mol-1. This is then plotted as a function of temperature in a χmT vs T plot, to yield a spin-
transition profile. For compounds exhibiting SCO this curve is sigmoidal in nature. From the 
magnetic moment measured χmT can be calculated using the relationship 
 χm𝑇 =
𝑇. 𝑒𝑚𝑢. 𝑀𝑊
𝐻. 𝑚
 (11) 
where emu is the measured magnetic moment of the material, MW is the molecular weight of 
the complex, H is the strength of the applied magnetic field and m is the mass of the material 
used in the measurement.   
Spin-transitions viewed as a χmT vs T plot can take a variety of different forms. These include 
gradual or abrupt, the presence or absence of thermal hysteresis, a single or step-wise manner, 
or whether the spin-transition occurs to completion or is trapped either kinetically, sterically or 
thermodynamically in a particular state (Figure 1.9).228,229   
Since the findings of Brooker et al.,230 that found the shape of the SCO χmT vs T curve is highly 
dependent on scan rate, it has become common place to conduct measurements on SCO 
materials at various scan rates. This is important, as faster scan rates can produce what seems 
to be a thermal hysteresis, although may simply be the HS fraction playing catch up to the scan 
rate, in other words, the SCO events throughout the material are ‘lagging behind’ the scan rate, 
giving the false impression of a thermal hysteresis in the data. Alternatively, if a sample with 
a kinetically slow crystallographic phase is scanned too quickly, the phase change does not 
have the time necessary to occur, and the hysteresis loop may no longer be observed.230–232    
Furthermore, magnetic susceptibility measurements using lasers at cryogenic temperatures to 
excite the metal atoms of a SCO material into the HS state, have been of great interest for many 
reasons. These include studying the mechanism and kinetics of excited states and excited state 
trapping, for molecular memory applications, as well as for switching and optical devices. This 
technique, Light Induced Excited State-Spin Trapping (LIESST), pioneered by Decurtins et 
al.,233 has allowed study of the SCO dynamics and the photoexcitation process.234 
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Susceptibility experiments utilising LIESST have explored the chemical and physical factors 
that dictate the lifetimes of low-temperature metastable high- and low-spin states.235–237 
Perhaps even more importantly, LIESST studies have paved the way for investigations into the 
cooperativity between metal centres and how intermetallic interactions influence SCO 
dynamics.238  
 
Figure 1.9. A series of plots of the HS-fraction γHS vs T, demonstrating the various forms the spin-transition 
profile can take.  
 
1.5.2 X-ray Diffraction Crystallography 
Exemplary studies by Tornroos et al.,239 Bousseksou,240,241 Kepert et al.242 and Marchivie et 
al.220,243–247 demonstrate how both single crystal X-ray diffraction (SCXRD) and powder X-
ray diffraction (PXRD) can be implemented in probing spin-transitions at the molecular level.  
X-ray diffraction experiments can be implemented to determine a range of structural 
parameters that provide detailed information about the spin-state of SCO complexes, not only 
in a single molecule, but throughout the lattice. In octahedral transition metal complexes (in 
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ligand field theory), the d-orbitals are split into two sets of degenerate electron densities, the 
triply-degenerate T2g and doubly-degenerate eg orbitals (as discussed in greater detail in section 
1.6 below). The T2g orbitals are directed between the electron density of ligand donors in an 
octahedral coordination sphere, while the eg orbitals are orientated toward the ligands. 
Occupation of the eg
 manifold therefore results in reduction of the bond order and lengthening 
of the metal-ligand bonds. This phenomenon is represented by two different models. Firstly, in 
ligand field theory, electronic repulsions between ligand and eg metal electron density 
lengthens the M-L distance, and secondly, in molecular orbital representations, the eg
 orbitals 
that are predominately metal centred are antibonding, eg
*, and occupation of these orbitals by 
electrons can cause reduction of the bond order and hence bond strength. As a result, for d4-d7 
octahedral compounds capable of undergoing a spin-transition, the HS configuration will have 
a greater degree of eg
*
 electron density, and the bond lengths in HS SCO complexes will be 
longer than in the LS spin-isomers. Octahedral Fe(II) compounds can experience a change of 
as much as 10% in bond lengths between the two states, and as such, the spin-state can be 
determined crystallographically.  
Various parameters have been reported to describe the degree of octahedral distortion in SCO 
compounds. By a similar argument to above, LS structures possess a smaller distortion from a 
perfect octahedron than HS structures.248 The parameter Σ defines the sum of the deviations 
from 90º for the twelve cis φ angles of the coordination sphere (Figure 1.10).248  
 𝛴 = ∑(|90 − 𝜑𝑖|
12
𝑖=1
) (12) 
Another parameter, θ, defines the deviation from an octahedron to a trigonal prismatic 
structure, and is the L-M-L angle measured on the two triangular faces of an octahedron that is 
projected down its pseudo-threefold axes on the medium plane containing the metal atom.249 
As an extension of this, another measurement of the octahedral distortion was reported by 
Marchivie et al.243, Θ, that takes into account the twenty-four possible θ angles of an octahedron 
so that Θ takes the form 
 𝛩 = ∑(|60 − 𝜃𝑖|
24
𝑖=1
) (13) 
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In this way, Marchivie et al. felt the deviation from a perfectly octahedral (oh) to a trigonal 
prismatic (D3h) arrangement was more accurately assessed (Figure 1.10).    
 
Figure 1.10. Representation of the angles θ and φ used to calculate the distortion from octahedral geometry in 
SCO compounds. These parameters demonstrate larger values for the HS-state. 
The extent to which a coordination sphere is distorted plays a large role in determining the 
SCO properties of the complex. For multinuclear compounds bridged by ligand molecules, the 
relative distortions in the two sites in the HS and LS states can provide useful information in 
regard to the completion of the spin-transition.220,243 
Crystallographic analysis of the packing arrangement, as well as intermolecular interactions 
such as hydrogen-bonding and π-π interactions, are informative in the attempt to relate structure 
to function in crystalline SCO materials, and as a result, are often analysed in depth and related 
to the SCO profile. Furthermore, the crystallographic coordinates are often utilised as the 
starting points in theoretical calculations such as density functionals, molecular modelling and 
energy surface calculations.             
The change in unit cell volume and dimensions, crystal density, as well as powder X-ray 
diffraction (PXRD) spectra are also commonly quoted in SCO literature. In some polynuclear 
complexes, as well as some very interesting mononuclear compounds, a multistep spin-
transition is accompanied by a symmetry breaking at intermediate sections of the SCO profile, 
often corresponding to the plateau region in the first derivative of magnetic susceptibly data. 
In these cases, large amounts of stress are placed on the crystal lattice when changes in the 
coordination sphere occur with SCO, and the system is at an intermediate point (be it a [HS-
LS] state for a dinuclear complex or a 50:50 HS:LS fraction in a mononuclear complex). As a 
result, the asymmetric unit may undergo a change in symmetry, resulting in a new space group, 
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and, if the crystal lattice can survive the strain without cracking, single-crytsal diffraction data 
can be obtained in this new symmetry. Symmetry breaking can also be explored through VT-
PXRD, where a change in symmetry of the crystal can be observed in the powder 
spectrum.232,239,240,242,244,250–257    
 
1.5.3 X-ray Photoelectron Spectroscopy 
In addition, X-ray photoelectron spectroscopy (XPS) can also be used to determine whether 
significant proportions of the HS or LS states for Fe(II) compounds are present at various 
temperatures (VT-XPS).258–263 Upon impact with X-ray photons of a particular energy, a Fe(II) 
2p electron is ejected, and subsequently, this photoelectron then participates in spin-orbit 
coupling with Fe(II) d-electrons. These coupled d-orbitals effect the energy of the 
photoelectron differently in different electronic configurations. In this way the energy of the 
photoelectron can be used to indirectly probe the configuration of the d-electrons in Fe(II) SCO 
materials by measurement of the binding energy (BE) of 2p photoelectrons.    
Furthermore, XPS measurements analyse the surface-layers of materials. Rather than being a 
disadvantage to the technique, this may permit the analysis of future electronic or sensing SCO 
devices for which the SCO complex is present as a thin-film, or alternatively, deposited on a 
substrate. Spin isomers in Fe(II) can be identified in XPS experiments through the presence 
and magnitude of satellite (shake-up) peaks that occur only for the HS 5T2 Fe(II) configuration, 
as well as by changes in the electron binding energies (ΔBE) in corresponding 2p1/2 and 2p3/2 
orbitals on the Fe(II) centre.  
In an XPS spectrum, satellite peaks are the result of a mixture of factors, including ligand-to-
metal-charge-transfer (LMCT),264 coupling between the ejected photoelectron and partly filled 
Fe d-orbitals,265 as well as photoelectron band broadening resulting from multiplet splitting.261 
In the LS (1A1) state, the Fe 2p1/2 and 2p3/2 photoelectron peaks occur at lower BE. This is a 
result of more effective LMCT in the LS configuration of Fe(II), leading to a lower degree of 
ionicity and enhanced metal-ligand hybridisation. In the LS state, S = 0, the antibonding eg
* 
orbital is no longer occupied, increasing the bond order and covalency of the coordinate bond. 
This in turn increases the shielding of the Fe(II) 2p electrons from the nuclear charge, 
corresponding to a reduced electron binding energy, and consequently, this can be detected by 
the energy of the ejected photoelectron in XPS.259,261,262 
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As the sample is warmed, the increase in the presence of HS state character can be determined 
by the emergence of Fe(II) 2p3/2 and 2p1/2 satellite peaks, as well as the migration of both the 
2p3/2 and 2p1/2 peaks to higher binding energies. Recently, our group has also observed splitting 
of the Fe(II) 2p3/2 and 2p1/2 as the sample is heated to intermediate temperatures, a result of the 
introduction of a HS peak at lower BE. As can be seen in Figure 11, going from low to high 
temperature, the peaks due to the LS fraction is seen to be dominant, then superimposed with 
a HS-peak, then both peaks become simultaneously visible (a splitting of the original peak), 
again superimposed and then, finally, the HS-peak becomes dominant. In this way, XPS has 
the ability to not only confirm the spin-state of Fe(II), but also to follow the transition between 
LS ↔ HS by comparing the relative intensities of the HS and LS Fe(II) 2p3/2 and 2p1/2 peaks 
(Figure 1.11).  
 
 
Figure 1.11. An example of a VT-XPS spectra fom our laboratory, showing the appearance of a HS, mixed-spin 
(MS) and LS spectra, with dotted lines indicating the general positions of LS and HS Fe 2p 1/2 and 3/2 
photoelectron peaks, showing the presence of HS-peaks towards lower BE. 
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1.6 Theoretical Aspects of Spin-Crossover Research 
In light of the fact that a spin-transition is an electronic phenomenon, it can be understood via 
a quantum mechanical analysis, and in turn, a host of theoretical work has been presented on 
the subject. Computational chemistry is applied to calculate the spin-state energetics of 
coordination complexes, to analyse potential energy surfaces in the analysis of intermolecular 
interactions, to the fitting of experimental data, as well as in the investigation of magnetic 
exchange interactions and cooperative spin-transitions.213,266,267  
Crystal field theory describes the ligands as point charges and the metal-ligand interaction as 
purely ionic. As an extension, LFT also stops short of a proper quantum mechanical treatment 
of the metal-ligand bonding, although contains some qualitative aspects of covalency in this 
interaction, and consequently, will be briefly described. Below is a qualitative molecular orbital 
(MO) diagram for the case of an octahedral metal complex when only σ-bonding is considered 
(Figure 1.12). Only those orbitals of identical symmetry labels between the ligand and metal 
can effectively overlap and interact in bonding. The lone pair of electrons of the ligand donors 
fill the MO’s of a1g, t1u and eg symmetries. As a result of this, the metal d-electrons fill the t2g 
and eg* MO’s, which for the most part are essentially metal-centered. The eg* orbital is 
antibonding, while the t2g orbital is nonbonding, and the Δoct corresponds to the energy 
difference between these two MO’s.198,212,268,269  
 
 
 
 
 
 
 
 
 
Figure 1.12. A simplified MO treatment of an octahedral complex. Only σ-bonding is assumed and the 
equivalence of Δoct and the t2g – eg* separation is shown.   
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As an extension of this, Figure 1.13 demonstrates a similar qualitative model of a MO diagram 
which accounts for the possibility of π-bonding interactions between the metal and ligand. 
Occupancy of pπ atomic orbitals (AO) on the ligand donor, leaves the metal d-electrons to be 
accommodated in the predominantly metal centred t2g* and eg* antibonding orbitals, with Δoct 
being equivalent to their energetic separation. The presence of ligand π-donation, therefore, 
commonly decreases the Δoct. Alternatively, for the case of a donor ligand group, with an empty 
pπ AO (π-acceptor), the ligand π-orbital with the same symmetry components as that of a metal 
d-orbital (that can participate in overlap of electron density), can be considered to occupy the 
antibonding orbital, and Δoct can once again be considered to be the t2g - eg* separation. This Δoct 
is likely to be larger than in both the π-donor and σ-donor only situations.  This is often given 
as a qualitative explanation for the increased ligand field strength of π-acceptors such as 
cyanide, in comparison to π-donors such as the halides. The take home message from this 
representation (although be it qualitative in nature), is that identity of Δoct is dependent on the 
electronic nature of the ligand involved. 
 
Figure 1.13. Qualitative MO treatment of an octahedral complex participating in π-bonding with ligand donors. 
The parameter Δoct is defined for a filled (π-donor) and empty (π-acceptor) ligand. The MO’s of a1gσ and t1uσ 
symmetry have been omitted.  
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Although useful as a qualitative representation of the SCO in transition metal complexes, 
Figgis states that for LFT, “it will probably be the exception rather that the rule that ligand field 
parameter values determined for experiments of one type can be used to help rationalize the 
results from those of other types”, and in general, the ability of LFT to predict orbital 
arrangements does not hold for symmetries lower than cubic, which in the realistic case of SCO 
research, occurs in very few examples studied. Even structures that possess a roughly 
octahedral coordination, usually possess a distortion from a perfect octahedron, and this 
changes the symmetry, patterning (splitting) and relative energies of the metal d-orbitals 
completely (i.e, they will no longer be doubly degenerate as for a perfectly octahedral 
coordination sphere).  Furthermore, LFT cannot calculate the total energy of the system, and 
therefore, is not suitable for modelling SCO behaviour. As an extension of this model, the 
Angular Overlap model presents a semi-quantitative account of relative σ- and π-bonding 
(covalency) in coordination complexes, although does not provide a quantum mechanical 
approach to the estimation of relative orbital energies.198,270–273  
The search for quantum mechanical (QM) methods of calculation of spin-state energies in SCO 
compounds has been extensive, although the ‘computational cost’ of such methods is often 
extreme, and a balance must be struck between the accuracy of a calculation and the 
time/computing power it will require.213 The development and extensive application of Density 
Functional Theory (DFT) to the calculation of spin-state energies, energy surfaces and much 
more in transition metal complexes has excelled in finding such a balance.   
Density functional theory rests on two fundamental theorems put forward by Kohn and Sham, 
for which a qualitative, not rigorously quantitative treatment will be given here. Firstly, they 
proved that “the ground-state energy from Schödinger’s equation is a unique functional of the 
electron density”.274 The energy E can be expressed as  
 𝐸[𝑛(𝑟)] (14) 
where n(r) is the electron density. 
In other words, DFT introduced an alternative way of thinking, in that the electron density 
uniquely determines all properties such as the energy. If one can calculate the electron density, 
one can calculate the eigenvalue of the schrödinger equation (the energy E) without having to 
employ the wavefunction. This immensely simplifies the computation required to a function of 
three variables (three dimensions) rather than the 3N variables of wave mechanics.     
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Kohn and Hohenberg’s second theorem states that “the electron density that minimizes the 
energy of the overall function is the true electron density corresponding to the full solution of 
the Schrödinger equation”.274  
The Kohn-Sham equation, is a single-electron wave-function dependant on only three spatial 
variables, ψi(r), where r is the position of the subatomic particle in x, y and z dimensions. It is 
represented as  
 [−
ħ2
2𝑚
𝛻2 + 𝑉(𝒓) + 𝑉𝐻(𝒓) + 𝑉𝑋𝐶(𝒓)] 𝜓𝑖(𝒓) = 𝜀𝑖𝜓𝑖(𝒓) (15) 
Here, V describes the effect of the atomic nuclei on an electron while VH defines the coulombic 
repulsions between the electron and the total electron density of the atom. The term VXC on the 
other hand is the exchange-correlation potential and is an attempt to account for the exchange 
and correlation effects in such a single-electron equation. There are a wide variety of 
functionals in the literature that attempt to deal with the exchange-correlation in a different 
manner, and this is a pertinent issue in computational SCO research.213,266,275–279 The electron 
density can be written in terms of the individual electron wave function as 
 𝑛(𝒓) = 2 ∑ 𝜓𝑖
∗
𝑖
(𝒓)𝜓𝑖(𝒓) (16) 
where ψi* is the complex conjugate of the single-electron wavefunction.  
An iterative algorithm is employed to solve the Kohn-Sham equations and extract an energy 
eigenvalue, that is; 
1. Choose an initial electron density. 
2.  Use this ‘trial’ value for the electron density to find the single particle wave function 
(ψi(r)) by solving the Kohn-Sham in equation 15. 
3. Employing these wavefunctions, calculate the electron density using the single-electron 
wavefunction expression above (equation 16).  
4. The two electron densities calculated are compared, and if they are the same then this 
is the ground-state electron density that can be used to calculate the energy of the 
system. If they are not the same, then the trial electron density must be changed in some 
methodical manner until they are equivalent. 
There are two major issues facing the field of the computation of SCO energies. The first of 
which was mentioned briefly above, and that is the variability in the performance of the many 
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different functionals available. The process of selecting one which happens to match up well 
with experimental measurements, is in itself, a seemingly biased approach. The second is the 
issue of transferability of these methods, in that it cannot be guaranteed that a DFT functional 
designed for one system will give accurate results in another system.213 Furthermore, as the 
calculations for a single isolated complex do not include the effects of crystal packing and 
cooperativity on SCO, even if the estimate of the single molecule is very accurate, the observed 
magnetic behaviour of the bulk solid-state material may be very different.280–282 
Various theoretical models have been applied to fit experimental spin-transition profiles from 
magnetic susceptibility experiments and extract approximate values for important chemical 
parameters such as the Gibbs free energy changes (ΔG), entropy and enthalpy changes between 
the HS and LS states (ΔS and ΔH) and the cooperativity factor (C). The Slichter-Drickamer 
mean-field model, also known as the regular solution model (equation 17), is one of the most 
commonly used to fit SCO experimental data,211,266,283,284 and takes the form  
 
 
ln[(1-γHS)/(γHS)] = [{ΔH+Γ(1–2γHS)}/RT]–ΔS/R 
 
(17) 
where γHS is the high-spin molar fraction, R is the gas constant and Γ is a parameter accounting 
for cooperativity (interaction parameter). The HS fraction, γHS, can be described as a function 
of the molar magnetic susceptibility (equation 18) 
 
 
γHS = [(χmT)m–(χmT)LS]/[(χmT)HS–(χmT)LS] 
 
(18) 
Here, (χmT)m is the χmT value at any given temperature, (χmT)LS and (χmT)HS are susceptibility 
values at the purely LS and HS states respectively and C is the cooperativity factor, which is 
defined as  
 
 
C =Γ/(2RT1/2) 
 
(19) 
The temperature at which half of the metal centres are in the LS states and half in the HS state 
is referred to as the T1/2, which is related to the thermodynamic values by 
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T1/2 =ΔH/ΔS 
  
(20) 
By far, the most challenging aspect in the development of SCO theory is the cooperative nature 
of spin-transitions in the solid-state. Two overarching categories of approaches that attempt to 
provide cooperative SCO theory are the macroscopic and microscopic approaches.208,233,285 In 
macroscopic models, elastic interactions between metals centres act as a homogenous medium 
throughout the crystal lattice and are the driving force of SCO in the solid-state. Approaches 
such as the ‘Ising-like model’ discussed above,286 the thermodynamic approach 287–289 as well 
as mechano-elastic290,291 and atom-phonon coupling models are all macroscopic attempts to 
describe the cooperative nature of SCO.292  
On the other hand, microscopic theory attempts to deal with the SCO phenomenon using 
electronic states, phonon densities and local modes. In such models, the interactions of 
electrons in the unfilled shell of the SCO centres with molecular vibrations are responsible for 
the formation of the energy pattern at each SCO ion, while the cooperativity of SCO in a crystal 
is brought about by electron-phonon coupling.292     
1.7 Imidazoleimine and Thioimidazoleimine Donors in Spin Crossover Research 
Key to the design of spin crossover compounds is creating an appropriate ligand field for the 
metal ion in question. The ligand field splitting energy (Δoct) created upon coordination to a 
metal centre, should be relatively close in energy to the pairing energy required to spin-pair 
two electrons in a single molecular orbital. In this way small perturbations such as temperature, 
pressure or light can cause a spin transition. In respect to Fe(II), for which this study is 
predominantly focused, the correct ligand field is most commonly made up of various 
combinations of pyridyl- or azole-N-donors and up to two NCX- ligands (where X = S, Se, BH3 
or N(NCN)2
-).205,293,294 Further, the N6 coordination sphere is often employed for Fe(II) SCO 
complexes, inducing SCO in many cases.295  
Various derivatives of the imidazoleimine donor moiety have been employed in mono- and 
multi-nuclear SCO compounds (see Figure 1.14 for examples of the two functional groups that 
are extensively studied in this project).117–119,121,252,267 Homoleptic tris-diimine moieties have 
received a lot of research attention as ligand donors in SCO complexes, with the 2, 4-
imidazoleimine functional group commonly displaying SCO behaviour in Fe(II) complexes.267 
The majority of SCO studies on Fe(II)N6 helical complexes include a homoleptic tris-diimine 
coordination sphere, commonly incorporating the imidazole moiety. These complexes tend to 
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demonstrate low temperature spin transitions (Transition temperatures between 75 and 250 
K).117–119,123 The 4-imidazoleimine moiety can form N–H hydrogen-bond donor sites at the 
exterior of the chemical architecture, promoting hydrogen-bonding interactions within the 
crystal structure, leading to cooperative spin-transition in some instances.117,296 Pyrazole and 
Pyrazolate containing ligands have also, in some cases, been shown to facilitate communication 
between metal centres in multinuclear complexes.283,297–300  
On the other hand, the thioimidazoleimine moiety has recently been shown to produce higher 
temperature T1/2 values as a result of a stronger ligand field, stabilising the LS state above room 
temperature (transition temperature between 250 and 400 K).121,252,263,301 Furthermore the 
absence of hydrogen-bond donors on the thioimidazole ring prevents hydrogen-bonding 
interactions with this group. These ligand donors show potential for applications above room 
temperature, and for SCO synthesis where hydrogen-bonding interactions can inhibit the 
formation of particular supramolecular architectures.121,302    
 
 
Figure 1.14. Schematic representation of a 2,4-imidazoleimine and 2,4-thioimidazoleimine group commonly 
utilised in this study to induce SCO in [FeN6]2+ complexes.  
 
1.8 SCO Fe(II) Dinuclear Triple Helicates  
The first of the dinuclear Fe(II) complexes exhibiting SCO were presented by Kahn and Real. 
Research efforts into SCO compounds of increased nuclearity (two, three, four … metal 
centres) were undertaken in order to pursue answers to a variety of important questions, such 
as;228,303–309 
1. Would the covalent bridging of multiple metal centres in the solid-state effect the 
cooperativity and thermal hysteresis observed in comparison to analogous 
mononuclear compounds?310,311 
2. Do the processes of spin crossover and spin-spin magnetic exchange occur with any 
degree of synergy via superexchange interaction across bridging ligands? 
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3. How can 1-step, 2-step and multistep spin transitions be understood physically? 
4. How can the cooperative nature of SCO be described and understood physically? 
5.  Could SCO be implemented in real world electronic devices such as sensors, 
memory devices and displays, and would increased nuclearity be beneficial in any 
of these applications?312  
A wide range of dinculear SCO compounds have been investigated. Important findings in the 
of the study of dinculear Fe(II) compounds include; 
- The observed full, 1-step spin transition from the [HS-HS] to [LS-LS] state.283,306,307  
- Transitions of a 2-step nature from the [HS-HS] to the [LS-LS] via a [HS-LS] 
intermediate state, in which the [HS-LS] state has been demonstrated to consist of either 
the [HS-LS] compound or a 50:50 [HS-HS]:[LS-LS] mixture.313–315 
- Trapping and characterisation of the [HS-LS] intermediate state.119,316,317 
- LIESST measurements on the excited sate of dinuclear SCO materials.318 
Complexes based on Fe(II) have, by far, received the most attention in SCO research. The 
popularity of this particular transition metal stems from it possessing the largest effect of SCO 
on the magnetic moment of the system, changing from S = 2 (four unpaired electrons) in the 
HS state to S = 0 (no unpaired electrons) in the LS state of an octahedral complex. 
Correspondingly, changes in metal-to-ligand bond lengths can be up to approximately 
10%.319,320 Furthermore, the easily achieved N6 coordination environment can manifest in SCO 
in many cases, allowing the trial of many nitrogen-based heterocycle donor derivatives.        
The design of SCO dincuclear Fe(II) compounds often focuses on five- and six-membered N-
donor heterocycles, containing multiple nitrogen atoms. These systems tend to provide the 
appropriate ligand field for SCO in Fe(II) complexes. The factors effecting the ligand field 
strength, and as a result the SCO properties of these systems include;321,322 
• The ligand class (for example the donor atom identity, strength and electronic nature) 
• Ligand denticity or chelate ring size 
• Symmetry of the donor sphere  
• Intermolecular interactions.  
As described above, dinuclear SCO complexes were first investigated in order to understand 
magnetic exchange interactions and cooperativity in solid-state spin-transitions. Strong 
cooperativity between metal centres has been found to increase the likelihood of abrupt 
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transitions and thermal hysteresis; both of which are highly desired properties of SCO materials 
for real world applications.225,323 Such interactions can occur either through intramolecular 
pathways, mediated by ligand donors or intermolecular mechanisms, including supramolecular 
interactions within the lattice such as π-π stacking, anion/cation interactions and hydrogen-
bonding.311,322,324–326 
Dinuclear SCO complexes have the potential to switch between three combinations of states, 
the [LS-LS], [HS-LS] and [HS-HS] states. As a result, they have a potential for enhanced 
electronic storage capabilities and more complex logical operations could theoretically be 
performed.327,328 The spin-transition can occur in one of two pathways for dinuclear 
compounds. In the first, transitions occur directly from the [HS-HS] ↔ [LS-LS] in one step. In 
the second pathway, an intermediate is formed and the transition proceeds in two steps as [HS-
HS] ↔ [HS-LS] ↔ [LS-LS]. Two step transitions are favoured by either small enthalpy 
differences between the [LS-LS] and [HS-HS] states accompanied by strong intermolecular 
interactions, or in the case where the enthalpy of the [HS-LS] state is lower (more energetically 
favourable) than the energy halfway between the [HS-HS] and [LS-LS] states.329 In Dinuclear 
complexes that proceed through an intermediate [HS-LS] state, this intermediate ‘half-spin’ 
state can be either a one to one [HS-HS]:[LS-LS] mixture, or discrete compounds possessing 
one metal ion of each spin state ([HS-LS]). Currently, predictions about the presence, the 
number of steps or the nature of the [HS-LS] intermediate cannot be accurately made.  
Constrained ligands have been shown to facilitate cooperative effects between the two metal 
centres of dinuclear compounds. Bond length changes induced by a change in spin-state can 
result in larger conformational changes in the bridging ligands, which can in turn cause 
cooperative distortions of the coordination environment of the second metal centre. This has 
been shown to promote the two-step transition through the [HS-LS] discrete (localised) 
intermediates.316,330,331 On the other hand, highly constrained ligands can also result in over-
stabilisation of the [HS-LS] state, or in the loss of either the [LS-LS] or [HS-HS] states as a 
result of impairment of the conformational freedom required for the compound to undergo a 
spin-transition at two bridged centres.322    
To date, only a handful of studies have been performed on SCO dinuclear triple helicates.117–
123,127,304,332 The first SCO studies performed on a dinuclear triple helicate were performed by 
Williams et al. in 1998, on a series of Fe(II) and Co(III) compounds. The study reported the 
synthesis of the dinuclear helicates using a bis[2-(pyrid-2'-yl)benzimidazol-5-yl]methane, and 
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compared the structural, magnetic and electrical properties with those of the analogous 
mononuclear complexes using a 2-(pyrid-2'-yl)benzimidazole ligand. They found that 
formation of the helicate structure caused no appreciable distortion of the metal coordination 
environment, and no significant metal-metal interaction was observed. The decrease in M-N 
bond lengths was accompanied by an increase in the intramolecular metal-metal distance.332  
Hannon et al.117 studied helicates of the type [Fe(II)2(L)3]X4.2H2O, utilising a bis-bidentate 
ligand with a 4-imidazoleimine donor moiety. These helicates were studied with the counter 
ions (X-) PF6
-, BF4
- and ClO4
-, and their structural, magnetic and electrical properties were 
compared. All compounds displayed a gradual, incomplete SCO. A major result from this study 
was the successful metal-templated design of a SCO dinuclear triple helicate architecture 
employing a straight-forward synthetic procedure—an extremely important factor in the 
application of such compounds in real world devices. Garcia and co-workers analysed the 
above ClO4
- compound, and through magnetic susceptibility as well as 57Fe Mössbauer 
measurements, were able to conclude that the two-step transition occurs from the [HS-HS] ↔ 
[LS-LS] state for half of the Fe(II) metal centres, and the other half remain [HS-HS]. To 
complicate matters they concluded that the presence of a plateau region indicates the presence 
of a [HS-LS] intermediate for that half of the Fe(II) centres.118 The combined work on this 
compound demonstrates the dramatic effect counter ions can have on the SCO properties of 
analogous compounds, and the subtleties of these materials.       
The first SCO dinuclear triple helicate exhibiting thermal hysteresis, or “reversible asymmetric 
high spin to low spin crossover”, was reported by Kruger et al.,123 using 4-position nitrogen 
methylated imidazoleimine donor moieties bridged by oxydianiline. Furthermore, LIESST 
studies of the [(Fe2L3)(ClO4)4].2MeCN demonstrated that the system can be excited directly to 
the [HS-HS] state using white light. A full spin-transition was observed for the two Fe(II) 
centres. The same group then analysed the [(Fe2L3)(ClO4)4].1MeCN solvatomorph, that 
demonstrated only a partial transition, with the [HS-LS] state stabilised at low temperatures 
and an apparent thermal hysteresis present, which on analysis, was the result of the loss of 
solvent molecules.119 This study again highlights the sensitivity of the SCO phenomenon, and 
how changes in the supramolecular interactions mediated by solvent molecules can cause 
drastic changes in the SCO properties of the material.  
A recent study by Aromi et al.,122 presented a [Fe2L3](ClO4)4 helicate utilising a bis-
pyrazolylpyridyl ligand with a dithienylethane photochromic spacer, that demonstrated a 
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photoswitching opening and closing of the ring in the dithienylethane moiety. Powered by UV 
light, this reversible conformational change results in a change in both the emission bands and 
spin-transition profile of the compound.      
Core geometrical parameters commonly compared between analogous dinuclear SCO 
compounds include various octahedral distortion parameters such as Σ and θ as well as Me-L 
bond lengths.117,306,333 The number of benzene rings participating in π-edge-to-face interactions 
can often dictate the ligand strain and flexibility, and hence the cooperativity of the two centres 
or the ability of the ligand field to distort between [HS-HS] and [LS-LS]. Intra- and internuclear 
metal-metal distances are also quoted, in an attempt to understand any cooperative effects in 
the transition.   
    
1.9  Crystal Engineering and Co-Crystallisation; Manipulating Physcial 
Properties 
By studying the impacts that a range of structural factors have on the properties of a solid-state 
material, one can attempt to make systematic changes to the material, in order to bring about a 
desired change in a particular bulk property. This is the premise of crystal engineering, a 
growing field in the materials sciences.334 Control of the auto-organization of molecular 
entities—the directing of supramolecular self-assembly—in a crystal lattice is often attempted 
via the induction of hydrogen-bonding and halogen-bonding interactions.334–337 Utilising the 
directional and modulable nature of these intermolecular interactions, crystal structures can be 
manipulated in a variety of manners.338  
Various SCO-hybrid multifunctional materials have been designed, often via the technique of 
co-crystallisation. The spin-transitions of SCO compounds have been manipulated by crystal 
packing alterations, such as the inclusion of alkyl chains of a variety of lengths, inducing 
varying extents of van der Waals interactions among the chains and changing the cooperativity 
of transition.339–341 Furthermore, various conducting and semi-conducting hybrid materials 
have been reported using the co-crystallisation of conducting charge-balancing salts.342–345  
With SCO being intimately linked to the modes of interactions between individual molecules, 
it is an ideal phenomenon to explore hydrogen- and halogen-bonding in co-crystallised 
supramolecular systems. Via the correct choice of co-crystal, the crystal packing of SCO 
systems can be manipulated and intermolecular interactions introduced to the system, resulting 
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in changes in the spin-transition.346–348 Recent studies have explored the effect of halogen-
bonding interactions on the structure and SCO in systems where halogen-bonding is induced 
by either counter ions (with a halogen atom also being present on the SCO compound)349 or 
co-crystallisation.350    
Although intermolecular interactions are required to afford cooperative SCO via mechanical 
coupling of structural changes within the lattice, overcrowding of the intermolecular 
environment about a metal centre can inhibit spin-transition. This is termed steric congestion. 
Steric crowding can inhibit atomic movements or crystal distortions that are necessary for 
SCO.351,352 In this way, co-crystallisation must achieve a balance between inducing new 
artificial effects in the material and not preventing spin-transition.  
 
1.10 The Structure-Function Relationship  
The design of supramolecular assemblies with useful and predictable functions is at the present 
moment still in its very early stages. Although a great deal of effort has focused on 
Metallosupramolecular systems in recent years, the ability to design systems with predictable, 
intentional properties has proven an elusive task.4 The emergent properties of a 
multicomponent system, synthesised from a variety of smaller building blocks, may or may not 
be related to the properties of the individual components, making it extremely difficult to 
predict their function.4 This is complicated even further when the properties of interest exist 
predominantly in the solid-state. In the solid-state, properties are strongly dependant on three-
dimensional ordering of the individual molecular components; the crystal packing.227 Adjacent 
discrete compounds can be brought closer together, moved further away, pack in different 
arrangements or experience a range of intermolecular interactions with differing strengths and 
geometries which can be further modulated by solvent and counter ion molecules. Ultimately, 
the crystal packing has a major influence on the properties of the system.  
In systems as complex as helicates and tetrahedra, very little predictability or control has yet 
to be obtained over how these compounds pack together in the solid form, or of the effects 
these different packing arrangements have on the bulk properties of the material. 
Understanding how the properties of metallosupramolecular systems change as they are made 
larger and more complex, and how one can manipulate these properties by changing small 
details in their chemistry or the crystal packing, are fundamental steps towards being able to 
design complex, highly porous, multifunctional materials with properties that are planned, 
36 
 
predicted and intentional, moving away from trial and error methodologies in synthetic 
research.321 Such control would pave the way for advancements in structural design of 
supramolecular systems and have profound impacts in medicine, materials and energy sectors.  
 
1.10.1 Structure-Function Relationships in SCO Compounds  
 
An abundance of research effort has focused on forming relationships between structure and 
function in SCO materials, in which case the function refers to spin-state switching and 
cooperativity. Controlling the nature of the spin-transition is the most severe hurdle still 
blocking the application of SCO materials in electronic and sensing devices. Target properties 
of a spin-transition that are desirable from a device engineering perspective are the hysteresis, 
T1/2, completeness and the abruptness of the transition curve.
225,228 Various efforts from leaders 
in the field have attempted to relate structural data to experimental magnetic observations, and 
to then explain these trends theoretically. This body of work includes that of Halcrow,321,353 
Guionneau,245 Gutlich and Hauser,354,355 Murray,356 Gass,357 Ross358 and many others. 
Structure-function relationships in SCO crystals are complicated by the unavailability of 
structural data of some compounds in a particular spin state, as the relatively large structural 
changes that can accompany SCO can often lead to decomposition of the crystal, or the LS and 
HS states may exist at temperatures that are too high or low for crystallographic analysis.
321,359  
The intricate details of a transition curve are governed by the elaborate intermolecular 
interactions between the SCO compounds, counter ions and solvent molecules within the 
crystal lattice, and it is the crystal packing that directs this complex interplay.208 In most cases, 
theoretical investigations condense this multitude of cooperative interactions into a single 
phenomenological cooperativity parameter to model the shape of a transition curve. Theoretical 
descriptions of elastic interactions between functional SCO sites can reproduce the common 
types of transition curves, although they do not provide detail about the origins of these nearest 
neighbour interactions. In other words, such models describe what combination of interaction 
enthalpies produce certain types of spin-transitions, but not how to achieve them 
experimentally.229 In this way, simplification of these intricate interactions prevents a detailed 
understanding of the SCO phenomenon within a crystal lattice. As a result, attempts to 
systematically manipulate SCO properties have proven to be of little success.225,360 Although a 
grim picture has been painted here, a range of structure-function relationships have been made 
in SCO materials, which will know be briefly explored.  
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Intermolecular interactions within the crystal lattice play a very important role in determining 
the SCO behaviour of a bulk solid material. These interactions result in short contacts between 
neighbouring SCO complexes, and can mechanically transfer changes in structure throughout 
the lattice. Although the role of these interactions is so critical, they are not well understood, 
and cannot be predicted in any concrete manner. Studies involving the deuteration of imidazole 
N-H groups participating in hydrogen-bonding throughout the crystal lattice, demonstrated a 
detectable narrowing of the hysteresis loop in the deuterated compound, suggesting that the 
hydrogen-bonding present in the structure does contribute to their cooperative behaviour.361 
Moreover, some molecular complexes have demonstrated larger thermally induced hysteresis 
than polymeric or framework materials. This suggests that covalent linking between the metal 
centres does not always provide the most effective mechanism of the propagation of spin-
transitions (cooperativity) throughout the lattice, and it may on some occasions, be 
intermolecular interactions that are more effective in this regard.229 Crystallographic 
differences include polymorphism, crystallographic disorder, solvatomorphism, intermolecular 
interactions mediated by neighbouring complexes, counter ions or solvent molecules. These 
factors all significantly affect the ligand field experience by the metal atom, and are all, at the 
current point in SCO research, very difficult, if not impossible to predict.321  
Cooperative spin-transitions most commonly involve extensive structural changes between HS 
and LS states. As an example, Fe(II) compounds, on average, show the largest structural 
changes resulting from SCO. The d6 manifold involves a more extensive depopulation of the 
eg
* antibonding orbitals with the HS ↔ LS transition, and N-based ligand donor groups 
experience a large metal-ligand bond contraction of c.a. 10-13%. Therefore, one would expect 
that [Fe(II)N6] compounds should experience the most cooperative spin-transitions, as is 
experimentally observed.362–364 These M-L bond changes are an isotropic ‘breathing’ 
transformation that a lattice can usually accommodate. On the other hand, anisotropic 
expansions and contractions of the crystal lattice as a result of changes in the shape of a spin 
centre have a higher energetic activation barrier, larger changes in lattice energy and are harder 
to achieve.  
High-spin states, as a product of weaker M-L bonding, have greater structural distortion, and 
the type of transition profile can be related to the relative variation of the shape between HS 
and LS structures. If the changes in shape of the HS and LS structures are too severe, SCO can 
be inhibited, blocking transition from the HS state. That is, even with a ligand field that should 
thermodynamically give rise to SCO, steric or conformational constraints can prevent 
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transition.321,365–367 It must be mentioned that this is a solid-state effect, and that such 
compounds may undergo SCO in solution.368–370        
Several studies have found links between the cooperativity, the degree of ligand conformational 
rearrangements and atomic displacements between the HS and LS states (including the lattice 
rearrangements necessary to permit these changes). Larger conformational changes resulted in 
a more cooperative spin-transition, while smaller distortions produced less cooperative 
profiles.353,371–374 In one example, the authors relate the ligand conformational rearrangement 
to the thermal hysteresis present, as a result of different lattice energies in the heating and 
cooling phases.375 Intermolecular interactions that can efficiently transmit these structural 
distortions throughout the lattice generally result in greater cooperativity.245,361,376–379    
Focusing on dinuclear Fe(II) SCO compounds, some interesting connections between structure 
and function have been formulated through a great volume of experimental and theoretical 
work. Firstly, the ‘nature’ of the spin-transition profile (full, half, one- or multi-step) is strongly 
influenced by the degree of octahedral distortion in the coordination sphere of the metal ion 
centres in the HS state. Although being intramolecular in origin, the distortion of the HS-
coordination sphere can be influenced by intermolecular interactions such as hydrogen-
bonding and π-stacking, as well as steric or electronic implications of crystal packing 
arrangements. Larger HS distortions (Σ) correlate to a weaker ligand field and stabilise the HS 
state in the starting [HS-HS] architecture, and the relative distortion in the [HS-HS] state can 
dictate whether the complex undergoes a half-transition to the [HS-LS] state, a 2-step from 
[HS-HS] ↔ [HS-LS] ↔ [LS-LS] or, in the case of large distortions in the HS state, no transition 
occurring at all. In other words, a large HS octahedral distortion may prevent the occurrence 
of a spin-transition, as the conformational rearrangement at two Fe(II) centres places a large 
intramolecular strain on the molecule.380 In a study by Murray, Kepert and co-workers, they 
found that the T1/2 of a tris-CHCl3 solvated structure was much higher than the other solvates 
obtained for the same complex. They reasoned that this was a result of a smaller octahedral 
distortion parameter (∑) for one of the Fe(II) centres in the [HS-HS] state. They suggest that 
this lower ∑ indicates this centre will more freely adopt the LS-state.314,381    
Significant changes in the SCO profile have been shown to occur upon the loss of, change of, 
or slight difference in the number of solvent molecules of crystallisation within the crystal 
lattice.219 The nature of solvent molecules can induce alternative supramolecular interactions 
within the lattice,119 changing the number of steps, the abruptness and the completion of the 
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transition. The onset of an apparent hysteresis, in which case the first sets of magnetic 
susceptibility scans show irreversible changes in the profile, is often induced by the desolvation 
of the material, which tends to stabilise the HS state.382,383 A study by Murray and co-workers 
focused on a series of di-, tri-, and tetra-nuclear Fe(II) mixed ligand complexes, which 
exhibited at or about room temperature T1/2 values; a highly desirable property for real world 
applications of SCO materials.384 Interestingly, even though such a promising transition 
temperature and profile was found, the authors noted that while it is desirable from an 
application standpoint, SCO near room temperature makes the study of SCO compounds more 
tedious, as a result of the simultaneous onset of solvent loss in the same temperature region. 
This again highlights the challenging nature of structure-function relationships in SCO 
research, particularly when applications are in mind, as unless the application is solvent 
monitoring (sensing), then the instability and variability of SCO in these materials drastically 
impedes their use in real world devices.  
Another excellent example of what Murray so eloquently describes as the “vagaries of SCO 
research”,211 is in the simultaneous work from Garcia et al. and Neville et al., presenting two 
psuedopolymorphs of a complex taking the form [Fe(II)2(L)5(cis-NCS)4]nMeOH, where n = 4 
and 2 for the two studies respectively, and L = 1,2,4(N=C(C6H4(2-OH)-triazole). Garcia et al. 
reported a monoclinic structure, with four MeOH solvate molecules and a T1/2 of 155 K, while 
the structure of Neville et al. demonstrated triclinic symmetry, exhibiting only two MeOH 
solvents and no spin-transition. In other words, despite the formula of both structures differing 
by only two methanol solvates and π-π stacking interactions being present in both polymorphs, 
such a vast difference in the magnetic behaviour of these compounds was observed.385,386 
Further studies have shown that cooperativity is influenced by the disorder of solvent and 
counter ions. In these examples, spin-crossover is coupled to the changes in disorder and 
movement of solvent and counter ion sites within the lattice.227,387,388   
Hendrickson et al. found that the shape of the spin-transition profile and the temperature of the 
T1/2 were both dependent on the crystallite size. This was of great interest to the field, as a non-
covalent, ‘nonligand-field’ effect—in fact a surface area effect—was altering the cooperativity 
and overall bulk magnetic behaviour of the solid material.389 Crystallite samples often display 
more strongly cooperative transitions than samples in powder form.390 Further studies linking 
the size of SCO crystals to the observed nature of spin-transitions have been conducted more 
recently.391,392   
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1.10.2 Project Origin and Proposal 
 
Hostettler et al. described that the assertion “structure determines properties” is a “central 
paradigm in materials research”, and that it is the reason for the increased popularity of the 
field of crystal engineering, which seeks to produce materials with “predefined and tuned 
properties”.227,393 Relating structure to function in SCO can be a fairly abstruse expedition, and 
as noted by Desiraju, “properties involving mainly cooperative effects of coupling will 
certainly be the most difficult to access by rational routes, if such a goal is ever achieved”.393 
Exhaustive lead-optimisation and trial and error methods through systematic synthesis, 
continue to be the most applied method for establishing empirical rules and theoretical models 
that may eventually lead to the prediction and optimisation of desirable SCO properties.227 In 
regards to dinuclear SCO compounds, Brooker describes that the number of steps in the 
transition, and the identity of the ‘half-spin’ [HS-LS] compound cannot be confidently 
predicted, and states that “more examples of dinuclear complexes are necessary to rationalize 
these phenomena”.322  
The ability of the spin transition to be easily altered can serve as a strong advantage, in that 
factors such as the transition temperature, the completeness of the transition, the abruptness 
and the number of steps in a transition can be subtly manipulated. In turn, this also serves as a 
distinct problem for these materials in their use in real world applications. The fact that so many 
external influences can alter the spin-transition of a compound makes the precise nature of 
fabricated materials very hard to predict, and importantly, control.  
Therein rests the focus of this study. This project aims to investigate a range of supramolecular 
systems, and how their magnetic properties can be ‘tuned’ in order to explore the relationship 
between design, structure and function in molecular magnetic materials. A particular focus will 
be on the design aspects of supramolecular synthesis, such as the use of particular chemical 
groups, as well as the crystallographic analysis of how the three-dimensional ordering and 
intermolecular interactions of the supramolecular subunits affects the bulk properties of the 
materials in the solid-state. Furthermore, the project will explore how properties that are 
dependent on bulk crystal lattice interactions—spin crossover in particular—arise from 
cooperation between molecular components, and probe how crystallisation can be manipulated 
to give different three-dimensional packing in the solid-state, and hence alter the bulk 
properties of the material. A deeper understanding of the factors affecting the design of more 
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complex molecular systems with more predictable structures and functions will enable 
chemists to reliably produce materials with intentional properties for use in future molecular 
devices.   
Firstly, chapter two will present a series of Ln(III) complexes, investigated for magnetic and 
luminescent properties, exploring the effectiveness of the N-diethylamine substituent as an 
electron donator in the salicylaldehyde ring (Figure 1.15).  
 
 
Figure 1.15. Schematic representation of the Ln(III) complexes used for magnetic and fluorescence studies.  
Next, in chapter three, a mononuclear Fe(II)N6 complex is presented, utilising the 
thioimidazoleimine donor moiety, designed to induce high-temperature SCO. This compoud 
was synthesised and characterised both structurally and magnetically (Figure 1.16). Futher, 
variable temperature X-ray photoelectron spectroscopy (VT-XPS) was implemented to 
determine a method for quantifying the high-spin fraction of Fe(II) metal centres in the surface 
layers of the material. Magnetic susceptibility results were used to calibrate the VT-XPS 
spectral fraction fitting values in order to generate a high-spin fraction curve of a sigmoidal 
nature, closely resembling that observed in SQUID measurements. Further development of this 
technique may allow the magnetic characterisation and application of thin film SCO materials, 
or alternatively, SCO materials deposited on a device surface, for which measurements that 
penetrate much further than the top few layers may receive background noise from the 
underlying substrate. Furthermore, these studies would provide further understanding of SCO 
in thin film-materials and how the structure-function relationships change between these 
materials and larger crystal lattices.394 
L 
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Figure 1.16. A mononuclear [FeN6] compound designed to exhibit high-temperature SCO, illustrating the VT-
XPS measurements and the HS-fraction calculated form a calibrated spectral faction to quantify the spin-states of 
the Fe(II) centres in the surface layers.  
Finally, spreading over chapters four to nine, a large, relatively simple, model series of Fe(II) 
dinuclear triple helicates was designed and synthesised, with the intention of investigating the 
influence of structural factors such as counter ion, solvent, steric nature of the ligand, packing 
arrangements, intermolecular interactions and intramolecular interactions on the SCO 
properties. As such, this large series sought to identify, and ultimately understand, the structure-
function relationships in dinuclear triple helicate systems. The counter ions explored included 
BF4
-, ClO4
-, Cl-, Br- and I-. The steric nature of the helicate was manipulated by the inclusion 
of CH2, O or S in the bridging ligands (L), including the bis-ditopic 4-imidazoleimine donor 
moiety (Figure 1.17). In this way, three helicate architectures (-C-, -S- and -O-) were 
crystallised with five different counter ions respectively to yield fifteen analogous helicate 
materials. In chapter four, structural and magnetic properties of the BF4
- salts of the -C-, -S- 
and -O-architectures are reported, identifying the role of the steric nature of the ligand 
backbone on SCO in these compounds.120 The effect of solvent molecules of crystallisation on 
these compounds was then explored in chapter five.  
Furthermore, chapter six reports the magneto-structural correlations identified in the I-, Br- and 
Cl- salts of the -O- helicate architecture. Two major relationships were identified and discussed; 
the influence of X-…H-N hydrogen-bonding (X =  I-, Br- or Cl-) at the external 4-position 
imidazole H-N on the T1/2 and the dependence of SCO completeness on steric congestion of 
the Fe(II) coordination environment (i.e. the packing arrangement of adjacent helicates). In this 
context, chapter seven describes the attempts made to learn from the results of chapter six and 
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‘artificially’ induce changes in the hydrogen-bonding and crystal packing arrangement, by way 
of co-crystallisation, to further investigate these structure-function relationships identified.   
Chapter eight is then, in a way, an extension of chapter six, in which the halide salts of the -C- 
and -S- series are presented to illustrate that the X-…H-N hydrogen-bonding strength at the 
external 4-position imidazole nitrogen can indeed be used to tune the critical temperature of 
SCO in this dinuclear triple helicate architecture. The strength of hydrogen-bonding was 
explored computationally with topological analysis via Hirshfeld surfaces.  
Lastly, chapter nine draws together the data from all fifteen compounds, comparing various 
structural and magnetic parameters to identify relationships, compare these with previously 
identified structure-function correlations in SCO, and finally, attempt to propose possible 
explanations for these results. In a way, chapter nine is the culmination of the large helicate 
series investigated in this study, while smaller interesting results are explored in smaller ‘sub-
series’ in chapters four to eight. 
 
 
Figure 1.17. Schematic representation of the series of dinuclear helicates explored as a part of this study.  
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2.1 Introduction 
The design and synthesis of pre-organized ligands and multifunctional complexes has received 
considerable attention in recent times as a result of their application for the directed assembly 
of large metallosupramolecules.1-3 Despite such efforts, the ability to design metal complexes 
with anticipated properties for useful applications still largely remains an elusive task.  
The use of Schiff base ligands as building blocks in metallo-supramolecular studies has been 
well documented.4 Complexes containing this ligand type have been studied extensively for 
use in a variety of areas such as catalysis,4  medicine,5-8 molecular magnetism,9-11 biological 
fields,4,12-16 and materials chemistry.17,18 Salicylaldehyde-derived Schiff base complexes have 
been shown to exhibit electroluminescence, non-linear optics, as well as interesting magnetic 
properties.9,18,19  In addition, rare-earth(III) tripodal Schiff base complexes have been studied 
intensively as MRI contrast agents and single molecule magnets (SMMs).9,20 Compounds that 
combine multiple functionalities, including magnetic, photophysical or electrochemical 
properties, are increasingly becoming a major research focus, especially for application in areas 
such as spintronics and quantum data storage.9,21  
A number of prior studies have involved the synthesis of Ln(III) complexes of imine-
phenolates,22-25 including ligands derived from the Schiff base condensation of tris(2-
aminoethyl)amine (tren) and various derivatives of salicyladehyde,9,26-28 as well as related 
ligands,29,30 to yield structures containing N4O3-donor binding cavity. The resulting complexes 
are typically very stable towards both air and moisture.20,31 The ligand selected for study in this 
investigation, H3L (Fig. 1 left), also utilizes its N4O3-donor cavity for Ln(III) ion binding, while 
the electron donating diethyl amino groups were anticipated to modulate the fluorescence 
properties of the resulting Ln(III)  
complexes. The X-ray structure of tripodal H3L (Figure 2.1 right) shows that it adopts a pre-
organized arrangement for binding to a metal ion in a heptadentate manner. That is, the three 
arms are oriented in the same direction, stabilized by hydrogen bonding, so that minimal 
reorganisation energy is required for complex formation (and thus giving rise a more 
predictable geometry). Other examples of related preorganization of tripodal ligand systems 
have been reported previously.32-34 
Herein, we report the synthesis of H3L (Figure 2.1) by Schiff-base condensation of tris(2-
aminoethyl)amine (tren) with N,N- diethylsalicylaldehyde in a 1:3 ratio. Neutral 1:1 
heptadentate complexes with Dy(III), Gd(III) and Eu(III) were also prepared and characterized 
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using FT-IR, SEM-EDS, PXRD, single crystal X-ray diffraction, CHN analysis and high 
resolution ESI-MS. Their magnetic and photophysical properties were also investigated. In 
particular, Dy(III) and Eu(III) were selected for inclusion in the study as a result of of their 
well-documented interesting magnetic [Dy(III)] and optical [Eu(III)] properties.21 
  
Figure 2.1. Schematic representation of H3L and its X-ray structure. Solvent molecules are excluded for clarity. 
The dotted light green lines represent intramolecular hydrogen bonding interactions.  
2.2 Results and Discussion 
H3L was prepared as a yellow solid in 86% yield and characterized using H
1 and 13C NMR 
(Fig. S1 and 2), ESI-HRMS and X-ray diffraction. The major peak in the mass spectrum (for 
[H3L+H]
+) occurs at m/z 672.4398, with good agreement between the observed and simulated 
isotope patterns (Fig S3 insert). The [EuL], [GdL] and [DyL] complexes were obtained as 
yellow solids from reaction of H3L with a corresponding lanthanide(III) salt (see below) in the 
presence of base. Yellow hexagonal plate-like single crystals were obtained in each case by 
slow evaporation of a solution of the product in a dichloromethane/ethanol mixture. Single 
crystal X-ray diffraction studies confirmed 1:1 (metal:ligand) complex formation in each case. 
Variation of the anion (CH3COO
-, NO3
- or Cl-) present in the respective syntheses had no 
impact on the structure of the neutral product isolated. Scanning electron microscope images 
(Fig. S4-6) show the formation of thin hexagonal plate-like crystals for all three Ln(III) 
complexes. As presented in the inserts for Figures S4-6, energy dispersive spectroscopy (EDS) 
confirmed the presence of the expected Ln(III) ion in each complex. ESI-HRMS showed that 
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major peaks corresponding to singly charged species of identity [LnL+H]+ are present (Fig.S7-
9). In addition, the experimental and simulated isotope patterns for these peaks were in 
excellent agreement (inserts in Fig. S7-9). The powder X-ray diffraction (PXRD) patterns for 
H3L and its three complexes were in each case consistent with their corresponding single 
crystal X-ray data, suggesting bulk phase purity (Fig. S10-13).  
Tripodal H3L crystallized in the space group R3c, with the 3-fold symmetry leaving only one 
of the three symmetric arms in the asymmetric unit. As can be seen in Figure 1 (right), the three 
symmetric arms are aligned in a downwards manner, with each Ncentral-CH2-CH2 angle being 
111.80 Å. This arrangement is stabilized by intramolecular hydrogen bonding between the 
imine nitrogen and the phenolic hydrogen, with a Nimine
…Ophenolic bond distance of 2.56 Å. 
Crystal packing is facilitated by non-classical hydrogen bonding between the Ophenolic and 
terminal methyl and methylene hydrogens of the N-diethylamino group (O…H-Cmethyl, 2.70 Å; 
O…H-Cmethylene, 2.45 Å). 
[EuL] (Figure 2.2) crystallizes in the trigonal space group P-3c1, again with only one of the 
three tripodal arms in the asymmetric unit, this time accompanied by the coordinated Eu(III) 
centre. The Eu(III) centre has a face capped octahedral coordination environment which 
approximates a staggered trigonal prismatic arrangement distorted to allow the axial tertiary 
nitrogen to coordinate (Figure 2.2 e)). The heptadentate ligand coordinates through its seven 
donors sites: three imine nitrogens (Nimine), three phenolate oxygens (O
-
phenolic) and its 
bridgehead tertiary amine (Naxial). The O
-
phenolic
...Eu(III) bond distances are 2.25 Å, 
Nimine
…Eu(III) are 2.50 Å and the Naxial
…Eu(III) is 2.77 Å. The Nimine-Eu(III)-Nimine angle is 
101.4⁰ degrees, and the O-phenolic-Eu(III)- O-phenolic bond angle is 92.3⁰. Enantiomers (Δ and Λ) 
are present in the crystalline material, distinguished by the orientation of the phenolic ring 
around the Eu(III) centre (Figure 2.2). Both the left and right-handed orientations of the 
complexes are present in the unit cell. 
As shown in Figure 2.3, individual complexes of the same handedness pack in rows in an 
undulating manner along the crystallographic b-axis. These rows then form two dimensional 
sheets consisting of repeating rows of complexes oriented along the crystallographic c-axis, 
with each adjacent row incorporating complexes of opposing handedness. The terminal 
diethylamino groups face outwards and give rise to weak Van der Waals interactions between 
adjacent rows. 
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Similarly, the corresponding neutral [DyL] complex crystallized in the trigonal P-3c1 space 
group, with one symmetric tripodal arm in the asymmetric unit along with the Dy(III) centre. 
The O-phenolic-Dy(III)-O
-
phenolic bond angle of 91.74 Å, is very similar to that in the Eu(III) 
complex, while the Nimine-Dy(III)-Nimine bond angle increases to 104.33 Å. The remainder of 
the coordination sphere is very similar to that found in [EuL], with O-phenolic
...Dy(III) bond 
distances of 2.20 Å, Nimine
…Dy(III) of 2.46 Å and bridgehead Naxial
…Dy(III) of 2.77 Å. Such 
similar coordination geometry to [EuL], namely face capped octahedral, was also confirmed 
using Continuous Shape Measure (CShM) analyses (CShM = 1.146) in C3v symmetry with the 
Shape 2.1 Program (Table S1).35,36 These neutral complexes pack in an almost identical manner 
to that described above for [EuL] and shown in Figure 2.3. 
 
Figure 2.2. X-ray single-crystal structure of [LnL] (Ln(III) = Dy(III), Eu(III) and (Gd(III)). a) and c) Side view 
emphasizing the seven-coordinate geometry within the N4O3 binding cavity; c) and d) Top view along the C3 axes 
of the Δ and Λ isomers; e) schematic representation of the coordination sphere for the Ln(III) ion in these 
complexes. Solvent molecules are omitted for clarity. X-ray crystal structures: C, black; H, white; N, blue; Ln(III), 
ice mint; O, red. 
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In contrast to the above structures, [GdL] crystallises in the trigonal space group P321, with 
one arm of the symmetric tripodal ligand present in the asymmetric unit from two separate 
molecules, each associated with a separate Gd(III) centre. The unit cell contains two isomers 
of opposite handedness, inverted in a slightly offset manner (Fig. S14). The 
capped octahedral coordination environment is once again very similar to those in the previous 
complexes, with a Nimine-Gd(III)-Nimine angle of 104.5⁰, O-phenolic-Gd(III)- O-phenolic of 91.1⁰, and 
O-phenolic
...Gd(III), Nimine
…Gd(III) and Naxial
… Gd(III) bond lengths of 2.26, 2.46, and 2.71 Å, 
respectively. The [GdL] complexes also pack in the same manner as found for the other two 
complexes (Fig. 3); that is, all three complexes have the same crystal packing structures and 
can be considered isostructural even though they do not all have the same space group. The 
flack value of 0.489 for the [GdL] single crystal can be attributed to the two isomers present in 
the unit cell. The specific refinement details and crystallographic data for each structure are 
presented in Table 2.1. 
 
Figure 2.3 Schematic representation of the crystal packing of [EuL], showing the zig-zag rows of complexes of 
similar handedness directed along the b-axis (Δ in green and Λ in red); the packing of the rows along the c-axis 
gives rise to two dimensional sheets. Solvent molecules and hydrogens have been omitted for clarity.  
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The steady state photophysical properties of the [GdL], [DyL] and [EuL] complexes were 
characterized in DCM solution at 298 K, with the absorption and emission spectra shown in 
Figure 2.4, the spectra were also compared to the corresponding solid state Ln(III) 
luminescence spectra which were quite similar in each case (see later). As expected, each of 
the Ln(III) complexes display an essentially identical absorption spectrum, with a broad peak 
at ca. 350 nm which we attribute to the S0→S1 transition of the chelated organic ligand, with 
the extinction coefficient of the solution spectra being ca. 84,000 M-1 cm-1. 
Corresponding emission spectra upon 350 nm excitation are also shown in Figure 2.4. For 
[GdL] complex, a broad peak centered at ca. 410 nm was observed, which we attribute to 
residual singlet emission from the organic chromophore. In addition to this fluorescence peak, 
the corresponding Dy(III) and Eu(III) complexes also show characteristic 4f* emission peaks, 
(see Figure S2.15).  
For Dy(III), a very weak peak at 481 nm which can be attributed to the 4F9/2→ 6H15/2 transition 
of this metal cation was observed, together with a more intense peak at 579 nm corresponding 
to the 4F9/2→ 6H13/2 transition. For [EuL], stronger lanthanide-based luminescence peaks were 
observed, with characteristic Eu(III) centered peaks at 594, 614, 655 and 683 nm corresponding 
to the 5D0→7FJ (J = 1-4) transitions. The expected peak for the 5D0→7F0 transition was also 
observed, although it was poorly resolved at 580 nm. Comparatively, the Eu(III) centered 
emission is significantly higher in intensity than the residual ligand emission, suggesting much 
more efficient sensitisation for this metal centre, and the Eu(III) centered luminescence lifetime 
was determined experimentally (Figure S2.16), to yield a value of 0.144 ± 0.01 ms. 
Importantly, a comparison of the observed emission peaks for the Eu(III) and Dy(III) 
complexes in solution and the solid state also revealed very similar splitting for the 4f* emission 
bands. Similarly, the ratio of the observed emission intensities for the J=1 and J=2 bands of the 
Eu(III) cation were essentially identical (ca. 0.2) in accord with the lanthanide cations have a 
very similar coordination environment in solution to those observed in the solid state by X-ray 
crystallography. 
To rationalize the observed emissive properties, room temperature and low temperature (77 K) 
emission spectra for [GdL] were also measured using 2-methyltetrahydrofuran as a suitable 
glassing solvent; the resulting spectra are shown in Figure S2.17. Since the lowest energy 6P7/2 
excited state of the Gd(III) cation is significantly higher in energy than the ligand centred peaks, 
this metal ion can be used to estimate the lowest energy triplet state of the organic ligand. At 
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room temperature, the emission was very similar to that observed using DCM as solvent, with 
a broad peak centered at 410 nm being present. In addition to this ligand centered fluorescence, 
an overlapping lower energy emission band was observed at 77 K, which we attribute to ligand 
centered phosphorescence, with a peak maximum at ca. 480 nm. Hence, the lowest energy T1 
state of the chelated L3- ligand is estimated to be located at ca. 20,850 cm-1. 
Table 2.1. Crystallographic data and refinement details for the complexes [EuL], [DyL] and [GdL].  
 H3L [EuL] [GdL] [DyL] 
Empirical 
formula  
C39H57N7O3  C39H61EuN7O6 C78H119Gd2N14O13 C39H60DyN7O6 
Formula weight  671.91  875.91 1775.36 885.44 
Temperature/K  100  100 100 150 
Crystal system  trigonal  trigonal trigonal trigonal 
Space group  R3c  P-3c1 P321 P-3c1 
a/Å  13.6115(19)  12.3525(17) 12.3620(18) 12.3876(10) 
b/Å  13.6115(19)  12.3525(17) 12.3620(18) 12.3876(10) 
c/Å  35.291(7)  31.422(6) 31.321(6) 31.693(3) 
α/°  90  90 90 90 
β/°  90  90 90 90 
γ/°  120  120 120 120 
Volume/Å3  5662.5(19)  4152.2(14) 4145.2(15) 4211.9(8) 
Z  6  3.99996 2 4 
ρcalcg/cm3  1.182  1.401 1.422 1.396 
μ/mm 1  0.076  1.562 1.653 1.825 
F(000)  2184.0  1820.0 1834.0 1828.0 
Radiation  MoKα (λ = 
0.71073)  
MoKα (λ = 
0.71073) 
MoKα (λ = 71073) MoKα (λ = 0.71073) 
2Θ range for data 
collection/°  
5.768 to 63.628  3.808 to 52.744 3.804 to 52.734 2.57 to 54.378 
Index ranges  -20 ≤ h ≤ 20, -
17 ≤ k ≤ 17, -51 
≤ l ≤ 51  
-15 ≤ h ≤ 15, -15 
≤ k ≤ 15, -39 ≤ l 
≤ 39 
-15 ≤ h ≤ 15, -15 ≤ 
k ≤ 15, -39 ≤ l ≤ 39 
-15 ≤ h ≤ 15, -15 ≤ k 
≤ 15, -40 ≤ l ≤ 40 
Reflections 
collected  
33332  54585 56365 50279 
Independent 
reflections  
3668 [Rint = 
0.0356, Rsigma = 
0.0167]  
2831 [Rint = 
0.0698, Rsigma 
= 0.0225] 
5609 [Rint = 
0.0777, Rsigma = 
0.0318] 
2861 [Rint = 0.0603, 
Rsigma = 0.0313] 
Data/ restraints/ 
parameters  
3668/2/154  2831/144/169 5609/294/340 2861/4/172 
Goodness-of-fit 
on F2  
1.083  1.141 1.092 1.340 
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0439, 
wR2 = 0.1158  
R1 = 0.0661, 
wR2 = 0.1563 
R1 = 0.0639, wR2 
= 0.1364 
R1 = 0.0528, wR2 = 
0.1566 
Final R indexes 
[all data]  
R1 = 0.0451, 
wR2 = 0.1168  
R1 = 0.0781, 
wR2 = 0.1627 
R1 = 0.0788, wR2 
= 0.1462 
R1 = 0.0756, wR2 = 
0.1806 
Largest diff. 
peak/hole / e Å-3  
0.57/-0.27  1.17/-1.19 3.37/-1.95 1.58/-0.91 
Flack parameter 0.0(2)  0.45(6)  
 
88 
 
The intensity of the sensitized Ln(III) emission can easily be rationalized, since for the [DyL] 
complex, the 4F9/2 accepting level at 21,100 cm
-1 lies very close in energy to the lowest energy 
T1 excited state, resulting in only weak emission that will also be susceptible to thermal back 
energy transfer. By contrast, the 4f* centered accepting states for the Eu(III) cation (eg. 5D0 ~ 
17,277 cm-1) are located at considerably lower energy, facilitating more efficient electronic 
energy transfer (EET) from the ligand to the metal cation and resulting in stronger 
luminescence. 
 
Figure 2.4. Normalized UV-Vis absorption (left axis) and normalized emission spectra (right axis, ex = 350 nm) 
of the [EuL] (red), [GdL] (blue) and [DyL] (magenta) complexes in DCM. 
Detailed magnetic measurements were carried out only for the Dy(III) complex which 
possesses a Kramers ground state of 6H15/2.
[37] The direct-current (dc) susceptibility data of 
[DyL] were collected in the temperature range 1.9–300 K at 1 kOe. As shown in Figure 2.5a, 
the χMT value of 14.23 cm3 K mol-1 at room temperature is consistent with the expected value 
of 14.17 cm3 K mol-1 for the isolated Dy(III) ion (6H15/2, S = 5/2, L = 5, J = 15/2, gJ = 4/3). 
Upon cooling, the χMT product decreases gradually down to 9.61 cm3 K mol-1 at 2.0 K, 
attributed to the progressive thermal depopulation of the excited MJ sublevels. The 
magnetization measured at 2.0 K displays a rapid increase at low fields and then slowly 
approaches a value of 5.54 N at 7 kOe (Figure S2.19), which is much lower than the expected 
saturation value of 10 N for an isolated Dy(III). The M vs. H/T curves measured in the 
temperature range 2.0 - 10.0 K are also not superimposed, indicating the presence of magnetic 
anisotropy and/or low-lying excited states.38,39 In order to explore the magnetic dynamics of 
this compound, the alternating current (ac) susceptibility data were measured under 0-2 kOe 
dc field. As shown in Figure S2.20, the out-of-phase (χ’’) signals were not observed at zero dc 
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field. The absence of the ac signals could be due to the fast quantum tunneling of magnetization 
(QTM),40-42 which can be suppressed by applying an external dc field. Indeed, the application 
of an external field (0.5-2 kOe) switches on the ac signals (Figure S2.20). Subsequently, the ac 
susceptibility measurements were conducted at Hdc = 0.5 kOe and frequencies 63-999 Hz. The 
χ’’ components show strong frequency dependence below 4 K, suggesting slow relaxation of 
magnetization which is characteristic of SMMs (Figure 2.5b). However, the absence of distinct 
peaks for the χ’’ signals down to 1.8 K makes it impossible to estimate the energy barrier by 
fitting the Arrhenius expression. The extremely low energy barrier indicates a weak easy-axis 
anisotropy, which could be related to the coordination geometry of Dy(III) ion. In compound 
[DyL], the Dy(III) ion has a capped octahedral geometry with C3 symmetry. The non-axial 
crystal field parameters B4
3, B6
3 and B6
6 (Wybourne notation) become non-zero, thus 
significantly reducing the overall easy-axis anisotropy.[43-45] The same phenomenon has also 
been observed in other Dy(III) complexes with C3 symmetry.
45,46 
 
 
Figure 2.5. Magnetic properties of [DyL]. a): The temperature dependence of χMT for complex [DyL] measured 
at 1 kOe dc field. Insert: the M vs. H/T curves measured at different temperatures; b): Temperature dependent 
out-of-phase (χ’’) of ac signals measured at 0.5 kOe dc field and frequencies 63 – 999 Hz. 
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2.3 Conclusions 
In conclusion, the successful syntheses of H3L and three isostructural complexes [EuL], [DyL] 
and [GdL] are reported along with their characterization by NMR (H3L only), ESI-MS, SEM-
EDS, and single crystal X-ray diffraction. These complexes did not all crystallize in the same 
space group, although they exhibit very similar crystal structures and packing. 
Photoluminescence studies showed essentially identical absorption spectra for the three 
complexes, with an S0→S1 transition of the chelated organic ligand occurring at 350 nm. [EuL] 
exhibited considerably stronger lanthanide-based luminescence peaks, with characteristic 
Eu(III) centered peaks at 594, 614, 655 and 683 nm corresponding to the 5D0→7FJ (J = 1-4) 
transitions. The Eu(III) centered emission showed a much greater intensity than the residual 
ligand emission, which suggests more efficient sensitisation of this metal centre. The lifetime 
of the Eu(III) centered luminescence was found to be 0.144 ± 0.01 ms. Magnetic susceptibility 
measurements showed that the [DyL] complex is magnetically anisotropic and exhibits the 
signs of slow relaxation behaviour characteristic of SMMs under an applied field. However, 
the blocking temperature appears to be very low due to the incompletely suppressed quantum 
tunnelling of magnetization.  
 
2.4 Experimental Section 
All reagents and solvents were purchased from commercial sources. No further purification 
was undertaken. 1H NMR spectra were recorded on a Bruker 300 MHz spectrometer. High 
resolution ESI-MS data were acquired using a Waters Xevo QToF mass spectrometer, 
operating in positive ion mode with a desolvation temperature of 120, desolvation gas flow of 
450 and varying sample and extraction cone temperatures. A waters lock spray system was 
used to calibrate the high-resolution masses. The scanning electron microscopy was performed 
using a JEOL 6510 LV (Low Vacuum), with energy-dispersive X-ray spectrometer (EDS) 
microanalysis. Electron accelerations of 10-25 kilovolts were used for imaging as well as EDS 
analysis. PXRD data were collected on a Bruker D8 Advance X-ray diffractometer with Cu Ka 
radiation, in the range of 5o < 2θ < 50o, with a step size of 0.02o (2θ) and an acquisition time 
of 2 s per step. Samples were lightly ground in diethyl ether, than pipetted onto an amorphous 
silicon XRD slide. FT-IR measurements were undertaken on a Bruker Vertex 70 with a 
diamond ATR stage. 
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2.4.1 Ligand Synthesis 
H3L was readily synthesized using Schiff base condensation in a 1:3 ratio of tris(2-
aminoethyl)amine (tren) and 4-(diethylamino)-2-hydroxybenzaldehyde in a 1:3 ratio. Tren was 
added dropwise to a solution of N, N-diethylsalicylaldehyde in acetonitrile producing a clear 
yellow/brown solution. A trace amount of p-toluenesulfonic acid (PTSA) was added to catalyse 
the reaction. The solution was refluxed overnight with stirring under a nitrogen atmosphere, to 
form a yellow precipitate. The solid powder obtained was washed with cold acetonitrile, and 
then collected by filtration and dried in air; yield 86%. 1H NMR (CDCl3, 300 MHz) δ (ppm) 
7.51 (s. 3H), 6.14 (d, 3H), 6.03 (s, 3H), 5.86 (d, 3H), 3.37 (t, 18H), 2.75 (s, 6H) 1.19 (t, 18 H); 
13C NMR (CDCl3, 75.5 MHz) δ (ppm) 168.93, 164.18, 151.89, 134.25, 108.35, 102.70, 98.66, 
56.24, 54.60, 44.51, 12.90; ESI-MS (positive-ion detection, CH3OH): m/z = 672.4398 
[H3L+H]
+. FT-IR (ATR νmax /cm-1): 3550-3250, 2969, 2897, 2809, 2320, 1612, 1518, 1336, 
1226, 1128, 1075, 823, 784 cm-1.  
 
2.4.2 Complex Synthesis 
The complexes were synthesized by adding lanthanide(III) hexahydrate salts (with CH3COO
-, 
NO3
- and Cl- as the counter ions) in methanol dropwise into a methanol solution of L3- in a 1:1 
ligand to lanthanide ratio. The H3L was deprotonated by addition of 3 equiv. of NaOH in 
methanol. The clear yellow solution was heated at reflux with stirring for 4 hours, and a yellow 
precipitate formed. The mixture was cooled, filtered and the product dried in air. The solid was 
recrystallized from DCM/ethanol (5:1) and give a yellow crystalline product in each case which 
was dried in air. Single crystals suitable for X-ray diffraction were obtained in each case using 
vapour diffusion of diethyl ether into a solution of the product in DCM. The crystals were used 
directly for the respective X-ray studies.  
[EuL]: Yield 66%, Elemental analysis (%) (calcd., found for C39H54EuN7 + 2H2O): C (54.67, 
54.34), H (6.85, 6.63), N(11.44, 11.78); ESI-HRMS (positive-ion detection, DCM/CH3OH): 
m/z = 822.3533 [EuL+H]+. FT-IR (ATR νmax /cm-1): 2972, 2889, 2849, 1587, 1511, 1334, 1242, 
1130, 830, 779, 614.  
[GdL]: Yield 73%, Elemental analysis (%) (calcd., found for C39H54GdN7 + 2H2O): C (54.33, 
54.08), H (6.78, 6.61), N(11.37, 11.59); ESI-HRMS (positive-ion detection, DCM/CH3OH): 
m/z = 827.3550 [GdL+H]+. FT-IR (ATR νmax /cm-1):  2972, 2888, 2320, 1587, 1511, 
1334,1243, 1130, 780, 614.  
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[DyL]: Yield 55%, Elemental analysis (%) (calcd., found for C39H54DyN7 + 1H2O): C (55.15, 
55.08), H (6.65, 6.67), N(11.54, 11.96); ESI-HRMS (positive-ion detection, DCM/CH3OH): 
m/z = 833.3588 [DyL+H]+. FT-IR (ATR νmax /cm-1):  2973, 2890, 1589, 1512, 1335, 1244, 
1131, 831, 780, 615. 
 
2.4.3 Powder X-ray Diffraction (PXRD)  
Powder X-Ray diffraction measurements were conducted on a Bruker D8 ADVANCE 
diffractometer with a LynxEye position sensitive detector (PSD). The X-ray source was a 
Copper K-α1 at 1.54 Å at 40 kV and a current of 40mA. The sample scan range was 5-55 
degrees 2θ with a step size of 0.019° at a rate of 2 seconds per step. Data processing was 
conducted using Bruker’s EVA software. 
 
2.4.4 Single Crystal X-ray Diffraction  
Data were with collected using either a Bruker kappa-II CCD diffractometer at 150 K by using 
IµS Incoatec Microfocus Source with Mo-Kα radiation (λ = 0.710723 Å), or at beamline MX1 
of the Australian Synchrotron with Silicon Double Crystal monochromated radiation at 100(2) 
K.47,48 Data integration and reduction were undertaken with CrysAlisPro or XDS.49,50 An 
empirical absorption correction was then applied using SADABS at the Australian 
Synchrotron.51 The structures were solved by direct methods and the full-matrix least-squares 
refinements were carried out using a suite of SHELX programs52,53 via the Olex2 interface.54 
Non-hydrogen atoms were refined anisotropically. Carbon-bound hydrogen atoms were 
included in idealized positions and refined using a riding model. The crystallographic data in 
CIF format has been deposited at the Cambridge Crystallographic Data Centre with CCDC 
1515525-1515528. It is available free of charge from the Cambridge Crystallographic Data 
Centre, 12 Union Road, Cambridge CB2 1 EZ, UK; fax: (+44) 1223-336-033; or e-mail: 
deposit@ccdc.cam.ac.uk. Specific refinement details and crystallographic data for each 
structure are present above and in the supporting information. 
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2.4.5 Photophysical Experiments 
All photophysical experiments were performed in the solid state as dispersions in KBr pellets 
and in solution using quartz cuvettes of either 1.0 cm or 0.3 cm path lengths. UV-Visible 
absorption spectra were recorded using an Aligent Cary 60 UV-Vis spectrometer and the Cary 
WinUV Scan application (Version 5.0.0.999). Emission spectra obtained at 298 K were 
measured in both solid and solution (1.0 cm cuvettes in DCM) and spectra conducted at 77 K 
were measured in 2-methyltetrahydrofuran in a 0.3 cm quartz dewar with a HORIBA Jobin 
Yvon IBH FluoroLog-311 spectrofluorimeter and the FluorEssence (Version 3.1.5.11) 
software package. The light source variation (lamp and grating) and the emission spectra 
response (detector and grating) were referenced correct in the emission spectra. Emission 
lifetimes were measured with a Cary Eclipse Fluorescence Spectrophotometer in DCM. All 
spectrophotometric data were processed using Igor (Wavemetrics, Version 6.1.1.2.). 
 
2.4.6 Magnetic Experiments 
The magnetic susceptibility datas were obtained on polycrystalline samples using a Quantum 
Design SQUID VSM system. The static susceptibility data were collected in the temperature 
range of 1.8 - 300 K under applied 1000 Oe direct-current(dc) field. The field-dependent 
magnetizations were collected up to 70 kOe at depicted temperature. The alternative-
current(ac) susceptibility measurements were performed at 1 Oe ac oscillating field with 
frequency below 1000 Hz. 
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2.6 Supporting Information 
 
 
S2.1. 1H-NMR spectrum of H3L. 
 
 
 
S2.2 13C-NMR spectrum of H3L. 
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S2.3. ESI-HRMS spectrum of [H3L]. The inset shows the isotope pattern for [H3L+H]+, simulated (top) and 
experimental (bottom). 
 
 
 
 
S2.4. EDS spectrum of [EuL]. The inset shows the SEM image of the hexagonal plate crystals.  
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S2.5. EDS spectrum of [GdL]. The inset shows the SEM image of the hexagonal plate crystals. 
 
 
S2.6. EDS spectrum of [DyL]. The inset shows the SEM image of the hexagonal plate crystals.  
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S2.7. ESI-HRMS spectra of [EuL]. The inset shows the isotope pattern for [EuL+H]+, simulated (top) and 
experimental (bottom). 
 
 
 
 
 
S2.8. ESI-HRMS spectra of [GdL]. The inset shows the isotope pattern for [GdL+H]+, simulated (top) and 
experimental (bottom). 
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S2.9. ESI-HRMS spectra of [DyL]. The inset shows the isotope pattern for [DyL+H]+, simulated (top) and 
experimental (bottom). 
 
 
S2.10. PXRD pattern for H3L. 
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S2.11. PXRD pattern for [EuL]. 
 
S2.12. PXRD pattern for [GdL].  
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S2.13. PXRD pattern for [DyL].  
 
 
 
S2.14. X-ray single-crystal structure of the two [DyL] isomers, with Δ isomer in green and Λ in red.  
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Table S2.1.  Continuous Shape Measure (CShM) analyses of geometries for compound [DyL] by SHAPE 2.1 
Software.  
Geometries CShM 
Capped octahedron (C3v) 1.14621 
Capped trigonal prism (C2v) 2.84385 
Pentagonal bipyramid (D5h) 8.79823 
Johnson pentagonal bipyramid J13 (D5h) 12.38500 
Johnson elongated triangular pyramid J7 (C3v) 14.39724 
Hexagonal pyramid (C6v) 21.50968 
Heptagon (D7h) 35.60487 
 
 
 
 
 
 
S2.15. A comparison of the observed emission spectra in DCM solution (ex = 350 nm, dashed lines) and solid 
state (ex = 380 nm, solid lines) for [LnL] complexes with Ln = Eu (red) and Dy (pink). Spectra are offset for 
clarity. 
106 
 
 
 
S2.16. Emission decay (ex = 350 nm, em = 616 nm) of [EuL] in DCM fitted to a mono exponential with a lifetime 
of 144.0 ± 0.01 μs. 
 
 
 
S2.17. Normalized emission spectra (ex = 350 nm) of the [GdL] complex at 298 K (red) and 77 K (blue) in 2-
methyltetrahydrofuran. 
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S2.18. The temperature dependence of χMT for complexes [GdL] (black) and [EuL] (Grey) measured at 1 kOe dc 
field. 
 
 
 
 
S2.19. The M vs. H curves measured at different temperatures for complex [DyL]. 
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S2.20. Frequency dependent in-phase (χ’) and out-of-phase (χ”) signals of [DyL] in indicated dc fields at 1.9 K. 
 
 
S2.21. Variable-temperature in phase of ac susceptibility (χ’) for [DyL] below 1000 Hz ac frequency under 500 
Oe static field. 
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S2.22. FT-IR spectrum of [H3L]. 
 
 
S2.23. FT-IR spectrum of [EuL]. 
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S2.24. FT-IR spectrum of [GdL]. 
 
S2.25. FT-IR spectrum of [DyL]. 
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3.1 Introduction 
The discipline of spin-crossover (SCO) materials continues to receive research attention from 
many fronts. Be it theoretical, experimental or from an application standpoint, understanding 
and controlling the magnetic properties of molecular materials is of high priority in the 
chemistry, physics and materials sciences.1–4 The most thoroughly studied compounds to this 
point, are those based on Fe(II) (d6 electronic configuration), for which the transition from the 
paramagnetic high-spin (HS) state (S = 2, 5T2) to the diamagnetic low-spin (LS) state (S = 0, 
1A1) has been observed to occur with temperature under an appropriate ligand field.
2,5–11  
An important aspect of SCO research lies in the ability to control the temperature of spin-
transition, and expand the range of transition temperatures achievable, which still represents a 
significant challenge.12 Recently we,13 along with Halcrow14 and Lützen,15 have investigated 
the scarcely reported thiazolylimine chemical moiety in a mononuclear thiazolylimine donor 
SCO complex and our very recent dinuclear triple helicate compound.16 A great deal of 
previous work has focused on various derivatives of the imidazolylimine donor group, which 
tends to demonstrate SCO behavior at lower temperatures.17–20 Nitrogen substitutions at 
various positions in the imidazole ring have the advantage of hydrogen-bond donor and 
acceptor addition.18 On the other hand, the thiazolylimine group has presented the ability to 
stabilize the LS electronic state at higher temperatures, resulting in higher SCO temperature.13–
16 Such SCO materials may potentially be useful for above room temperature applications, such 
as molecular sensing devices. 
Commonly, the design of supramolecular coordination assemblies utilizes relatively rigid 
ligands, as these molecules afford greater control in supramolecular design.21,22 Herein, we 
describe the preparation and characterization of a new mononuclear, high temperature iron(II) 
SCO complex 1 ([FeL](BF4)2) incorporating the flexible, N6 hexaazadentate ligand L (bis-4-
thioimidazole-1,2-dipropylamino(aminoethane)) in Figure 3.1. Ligands with this degree of 
flexibility can produce many interesting coordination arrangements under different conditions, 
and the ability to manipulate metallo-supramolecular structure in these compounds allows their 
physical properties to be altered. Conformational flexibility can also be an important factor in 
the design of ligands that facilitate intermolecular interactions in their consequent coordination 
compounds.10,23–26 The temperature dependent spin-transition of 1 was explored using 
Quantum Design Versalab Measurement System with a Vibrating Sample Magnetometer 
(VSM) attachment and further evidence was provided by VT single-crystal X-ray diffraction 
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and VT-XPS experiments. These experiments all demonstrated excellent correlation of the 
SCO behavior. The compound was fully characterized by PXRD, CHN, TGA, HRESI-MS, 
SEM-EDS, FT-IR and UV-vis spectroscopy. 
Previously, we investigated the spin transition in a dinuclear Fe(II) triple helicate in detail using 
VT-XPS experiments, which clearly showed the progression from the 1A1 LS to 
5T2 HS state, 
passing through a very interesting, clearly observable splitting of the Fe(II) 2p1/2 peak at 
temperatures where proportions of both the HS and LS state Fe(II) centers were present in the 
material.16 The Fe(II) HS and LS isomers can be noted in XPS by an increased intensity of 
2p1/2 and 2p3/2 satellite (‘shake-up’) bands in the HS state and an increase in the binding energy 
of the 2p peaks.13,27–31 Additionally, mixed levels of HS and LS centers can be seen in a splitting 
of the 2p1/2 peak. As an extension of our previous studies mentioned above, this investigation 
sought to identify if the same Fe2p splitting could be seen at intermediate temperatures in a 
mononuclear complex (also utilizing the same thiazolylimine moiety), allowing the spin 
transition to be followed using XPS measurements, and to identify if the trend in VT-XPS again 
matches that of the magnetic susceptibility experiments. Our interests also lay in how these 
XPS spectra differed when the number of Fe(II) metal centers in the discrete compound 
changed from dinuclear to mononuclear. Interestingly, the spin state of an Fe(II) center in 1 
can be clearly traced from the majority LS state, to a mix of LS/HS states and finally to a 
majority HS state by three distinct ‘phases’ of the XPS spectrum which are discussed below by 
following the 2p peak shape. The ability of XPS to analyze the surface layers of SCO materials 
serves as a strong advantage, as this may allow for thin-film analysis of future electronic or 
sensing SCO devices without interference by the underlying substrate. 
 
 
 
 
 
 
 
 
 
Figure 3.1. A chemical representation of L. 
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3.2 Results and Discussion 
Compound 1 was prepared in a one-pot reaction. The Schiff base condensation of 1,2-bis(3-
aminopropylamino)ethane and thiazole-4-carboxaldehyde in a 1:2 ratio in ethanol catalyzed by 
trace amounts of acetic acid, was proceeded by the addition of 1 equivalent Fe(II) 
tetrafluoroborate hexahydrate to form dark red precipitate. The X-ray quality crystals were 
obtained by diethyl ether diffusion into acetonitrile. This compound has been fully 
characterized by UV-vis, CHN, TGA, FT-IR, HR-MS, PXRD and scanning electron 
microscopy-electron dispersive spectroscopy (SEM-EDS). SEM micrograph reveals that 
compound 1 crystallizes in large rectangular blocks (Figure S3.1). The measured PXRD pattern 
of 1 (Figure S3.5) at RT shows a distinct similarity to the corresponding PXRD pattern 
calculated from the single crystal data at 150K, suggesting that a single-phase material has been 
prepared. In the HR-mass spectrum (Figure S3.3), a major peak for [FeL]2+ was observed at 
m/z 210.0468 and the isotopic distribution was in agreement with the simulated pattern (insert 
in Figure S3.3). In addition, CHN and TGA also confirmed there is no solvent in the sample. 
 
3.2.1 Magnetic Susceptibility Measurements 
A polycrystalline sample of 1 was cycled between 250 and 400 K at scan rates of 4, 2 and 1 
Kmin-1, with a field of 0.5 T (Figure 3.2). The molar magnetic susceptibility (χMT) at 250 K 
was 0.06358 cm3·K·mol−1, corresponding to an almost completely diamagnetic LS (1A1, S = 
0) state. The χMT increased gradually in a single step manner to a value of 1.76 cm3·K·mol−1 at 
400 K, at which point c.a 50 % of the Fe(II) metal centers had undergone a thermally induced 
spin transition to the HS (5T2, S = 2) electronic configuration. At a rate of 4 Kmin
-1, the heating 
and cooling modes proceeded with a scan-rate induced thermal loop of 5 K (Figure 3), with a 
T1/2 of 375 ↑ and 370 ↓ in the cooling and heating modes respectively. At scan rates of 2 and 1 
Kmin-1, the spin-transition profile retained its shape, although the loop was found to shrink 
with slower scan rates, until 1 Kmin-1 where no loop was observed. The loop observed at 4 
Kmin-1 is therefore scan rate induced, the susceptibility of the material lagging behind the 
change in temperature. The heating and warming modes demonstrated a similar dependence 
with scan rate. 
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Figure 3.2. A χMT vs T plot of 1, showing the heating (red arrow) and cooling (blue arrow) modes at 4 Kmin-1 
(lack squares), 2 Kmin-1(blue triangles) and 1 Kmin-1 (red circles).  
 
3.2.2 Magneto-Structural Correlation 
At 150 K, compound 1 crystallized in the monoclinic space group P21/n. The coordination 
sphere is composed of six nitrogen donors; two adjacent thiazolylimine nitrogens, two imine 
nitrogens and two adjacent amine nitrogens (Figure 3.3). The hexadentate ligand wraps around 
the Fe(II) metal center in a distorted octahedral geometry (Σ 56.1º), and this, along with average 
Fe-N bond lengths of 2.00 Å, (Table 1), are indicative of a LS Fe(II) center, which is in accord 
with the magnetic susceptibility results.10,32–34  
Furthermore, two enantiomers are observed within the crystal lattice, characterized by the 
direction with which the distinct ‘out-in’ pairs of N donors proceed around the metal center – 
in a left (Λ - green) or right (Δ - red) handed direction (Figure 3.3). The unit cell consists of 
two Λ and two Δ molecules (Figure 3.4). As can be seen in Figure 3.5 a, these enantiomers are 
distributed in straight rows of a single species along the c-axis, with adjacent rows possessing 
the opposite enantiomer. The adjacent rows pack together in an undulating manner. Along the 
b-axis on the other hand, these rows of similar enantiomers consist of undulating complexes 
inverted relative to one another (Figure 3.5 b). 
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Figure 3.3. Schematic representation of the crystal structure of 1 at 150 K, with the two enantiomers Δ (red) and 
(green) Λ shown. Anions have been excluded for clarity. White represents hydrogen atoms, black - carbon, blue 
- nitrogen, yellow - sulphur and orange - iron. 
Along the b-axis, hydrogen bonding between amine N-H and tetrafluoroborate counter ions 
(N…F 2.95 and 2.92 Å) links adjacent complexes in a chain-like manner (Figure 3.6). The 
compounds connected by hydrogen bonding interactions along the b-axis are of the same 
enantiomeric identity, forming chains of Λ---Λ and Δ---Δ. Intermolecular interactions, 
particularly hydrogen bonding, have been demonstrated to be an important factor in the 
cooperativity of spin-transitions.10,32,35,36 The gradual nature of the spin-transition profile could 
be influenced by the hydrogen bonding along only one axis, which provides a relatively small 
degree of cooperativity between Fe(II) centers of the crystal lattice, this being a direct result of 
the thiazolylimine donor moiety affording no external hydrogen bonding interactions. 
Being enantiomers, these compounds will exhibit identical ligand fields, and accordingly only 
one step is observed in the spin transition profile. Although as only half of the material has 
undergone a LS to HS transition at 400 K, we cannot comment on the nature of the curve 
beyond 400 K and this will be subject to further investigation. 
At 400 K, the crystal structure of 1 retains a monoclinic space group P21/n. The blood red 
crystals showed excellent stability at higher temperatures, the 400 K data finishing with a Rint 
of 8.32 % and a R1 of 7.06 % (Table 1). The 400 K structure shows identical packing 
arrangements, and similarly, the two enantiomers are also present, with two of each in the unit 
cell. The average Fe…N bond lengths and octahedral distortion parameter (Σ) were found to 
increase slightly to values of 2.08 Å and 58.6º respectively. These bond lengths are indicative 
of a mixed HS and LS spin-state population of Fe(II) centers within the crystal lattice, which 
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confirms magnetic susceptibility data that suggests a population of around 50 % of the Fe(II) 
centers are in HS state at 400 K.32–34,37 
 
Figure 3.4. Schematic representation of the unit cell of 1, in which two Δ (red) and two Λ (green) compounds are 
present. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Schematic representation of the crystal packing of 1, showing the packing of isomers a) in straight 
rows along the c-axis, and b) in undulating rows along the b-axis. 
 
a) 
b) 
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Figure 3.6. Schematic representation of the hydrogen bonding interactions (represented by light blue dotted lines) 
present within the crystal lattice of 1. Hydrogen bonding links complexes in rows along the b-axis. 
Although, the change in the octahedral distortion parameter is only slight, and commonly a 
larger change in Σ is observed in Fe(II) SCO compounds with a N6 arrangement of donor 
atoms.10,38 This can be attributed to the relative flexibility of L, allowing the complex to adapt 
to the change in bond lengths with a smaller change in ∑ as a result of compensative changes 
in the confirmation of L. The small change in the distortion of the octahedron may also 
contribute to the high stability of the single crystal at such temperatures, producing a smaller 
change in the packing orientation and volume of the cell, resulting in a reduced strain on the 
crystal lattice. The unit cell volume increases by 164.6 Å from 2298.1 Å3 at 150 K to 2462.70 
Å3 at 400 K. The other cell parameters (other than the two 90.0º monoclinic angles) also 
increase in the 400 K structure (Table 3.1), although interestingly, while the a- and c-axes both 
exhibit elongation with increased temperature, at 400 K the b-axis decreases by 0.085 Å (table 
1). This contraction of the cell along the b-axis with increased temperature may be explained 
by the combination of increasing coordinate bond lengths between N donor atoms and the 
Fe(II) center as a result of the spin-transition, and the shifting degree of hydrogen bonding 
between the hydrogen of the secondary amine and fluorine atom of a BF4
- counter ion along 
the crystallographic b-axis. At 150 K the F…NH distance is 2.94 Å, well within the distance for 
hydrogen bonding interactions to be present. On the other hand, at 400 K this distance increases 
to 2.99 and 3.07 Å (two disordered, partially occupied fluorine atoms present), resulting in a 
weakening of the hydrogen bonding interactions between these two groups. As a result, the 
Nsecondary-Fe-Nthioimidazole angle increases from 90.65 in the 150 K structure, to 93.09⁰ at 400 K, 
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as the ligand relaxes back from any conformational stresses caused by hydrogen bonding 
interactions. Furthermore, the Nthioimidazole-Fe- Nthioimidazole angle decreases from 93.63⁰ to 90.91 
as the relatively flexible ligand rearranges. Both of these changes cause a contraction of the 
ligand away from the BF4
- along the b-axis (Figure 3.7). 
 
 
 
 
 
 
 
 
 
Figure 3.7. An overlay of the X-ray crystal structures of 1 at 150 (blue) and 400 K (yellow) demonstrating the 
mechanism of the contraction along the crystallographic b-axis with increased temperature. 
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Table 3.1. Crystallographic data of compound 1 at 150 and 400 K. 
 
1 at 150 K 1 at 400 K 
Empirical formula  [C16H24FeN6S2](BF4)2 [C16H24FeN6S2](BF4)2 
Formula weight  594.00  594.00  
Temperature/K  149.89  400.02  
Crystal system  monoclinic  monoclinic  
Space group  P21/n  P21/n  
a/Å  9.77(5)  10.06(13)  
b/Å  17.50(8)  17.42(2)  
c/Å  13.67(7)  14.22(17)  
α/°  90.0  90  
β/°  100.5(2)  98.7(4)  
γ/°  90.0  90  
Volume/Å3  2297.90(2)  2462.70(5)  
Z  4  4  
ρcalcg/cm3  1.717  1.602  
μ/mm-1  0.922  0.860  
F(000)  1208.0  1208.0  
Radiation  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.822 to 55.062  3.724 to 54.366  
Index ranges  -12 ≤ h ≤ 12, -22 ≤ k ≤ 22, -17 ≤ l ≤ 17  -11 ≤ h ≤ 12, -22 ≤ k ≤ 22, -18 ≤ l ≤ 18  
Reflections collected  62967  45318  
Independent reflections  5289 [Rint = 0.0806, Rsigma = 0.0405]  5471 [Rint = 0.0832, Rsigma = 0.0501]  
Data/restraints/parameters  5289/0/316  5471/1/338  
Goodness-of-fit on F2  1.052  1.046  
Final R indexes [I>=2σ (I)]  R1 = 0.0350, wR2 = 0.0673  R1 = 0.0699, wR2 = 0.1817  
Final R indexes [all data]  R1 = 0.0596, wR2 = 0.0766  R1 = 0.1187, wR2 = 0.2176  
Largest diff. peak/hole / e Å-3  0.56/-0.51  0.89/-0.40 
Average Fe…N bond lengths (Å) 2.00 2.08 
Σ (degrees) 56.1 58.6 
Unit cell volume (Å) 2298.10 2462.70 
Spin-state of Fe(II) LS Mixed spin state population (~ 50% HS) 
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3.2.3 VT-XPS Investigation of 5T2 HS Fe(II) and 1A1 LS Fe(II)  
Previous studies have identified the primary indication of the spin state of iron complexes as 
being from the Fe2p bands in the region between 708-722 eV.30,31 In the 1A1 LS-state at 100 K, 
the 2p1/2 and 2p3/2 peaks appear narrow and show minimal satellite peak intensity (Figure 3.8a). 
At 270 K, high-energy peaks from the 5T2 HS electronic configuration appear for the 2p1/2 and 
2p3/2 electrons that slightly develop in intensity, along with two broad satellite peaks. The origin 
of the HS peaks is due to four unpaired 3d-electrons in HS Fe(II) that enable a greater degree 
of spin-orbit coupling with the ejected photoelectron.30 Reduced ligand-to-metal-charge-
transfer (LMCT) in the paramagnetic HS-state results in increased coordinate bond lengths and 
ionicity, reducing the ‘screening’ of the effective nuclear charge felt by the 2p photoelectron. 
As a consequence, the binding energy (BE) of the 2p photoelectron increases.27–31,39 
As discussed in our previous work on a dinuclear Fe(II) triple helicate,16  the transition from 
HS → LS can be monitored in three main stages – (1) The predominantly LS state characterized 
by sharp narrow peaks and relatively void of satellite structure, (2) the coexistence of similar 
LS and HS fractions characterized the emergence of 2p satellite peaks and splitting of the 2p1/2 
peak, with a second peak emerging at a slightly higher BE, of roughly the same intensity, and 
(3) the predominantly HS state, indicated by the increase of the higher BE 2p1/2 peak to 
dominance over the original LS peak, and a further increase of satellite structure, leading to 
much broader 2p1/2 and 2p3/2 peaks. 
When cooled to 100 K, the 2p1/2 and 2p3/2 peaks are narrow (Table 3.2 and Figure 3.8a) and 
shake-up satellites appear extremely weak relative to the main 2p lines, suggesting a dominant 
LS configuration as expected from magnetic susceptibility measurements. The spectrum at 270 
K closely resembles that at 100 K, with the 1A1 configuration still dominant at this temperature, 
although some satellite features are noticeable. Upon warming to 400 K, 30 K above the T1/2 ↑ 
value, both members of the 2p spin-orbit doublet demonstrate substantial satellite features 
toward higher binding energies. This is indicative of a significant proportion of Fe(II) 
compounds existing in the 5T2 configuration at this temperature, which agrees with 
crystallographic and magnetic susceptibility results, suggesting around half of the Fe(II) metal 
centers have transitioned to the HS-state at 400 K. As previously shown by our group,16 the 
shoulder of the 2p1/2 peak towards a higher BE that was very minor in the LS spectra at 100 
and 270 K is now roughly the same size as the original LS 2p1/2 peak, demonstrating an increase 
in the abundance of the HS state in the sample. This is observed as a splitting of the 2p1/2 peak. 
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This trend continues in the 500 K data, where the new 2p1/2 peak at higher binding energy is 
now dominant (the peak obtained is a superposition of the two, with the original LS 2p peak 
now a right-side shoulder to the HS peak of higher BE), and increasingly evident satellite 
structures again result in broadened Fe2p peaks. This suggests a higher proportion of Fe(II) 
centers occupying the HS-state at this temperature, although magnetic measurements were 
unable to be carried out at such temperatures, and as a result, a precise HS fraction could not 
be used to compare with this XPS data. The appearance of a second 2p1/2 peak at higher BE 
with heating is a result of decreased LMCT in the HS 5T2 state, reducing the degree of shielding 
of the Fe2p core electrons and therefore the BE.30,31  
 
Figure 3.8. (a) XPS spectrum of 1 showing Fe(II) 2p region at 100, 270, 400 and 500 K showing the low spin 
(LS) 1A1 features at 100 K, and the high spin (HS) and satellite 5T2 features that develop from 270-500 K. (b) 
Calibration of spectral fraction to HS% with magnetic data, assuming 50% HS at 375 K. 
124 
 
The measurement of spin state of Fe(II) ions in 1 using variable temperature XPS can be 
semiquantified by fitting the spectra at each temperature extreme, then calibrating against the 
results obtained using the magnetic susceptibility measurements (Figure 3.8b). 
Semiquantification of the XPS data in this way has the added potential of investigating spin 
states of device surfaces essential for device fabrication using thin-films of 1 on semiconductor 
wafers. 
 
3.3 Conclusions 
In summary, a new Fe(II) SCO compound 1 has been synthesized and fully characterized. The 
Magnetic susceptibility studies demonstrated a high temperature thermally-induced spin-
transition (T1/2 of 375 ↓ and 370 ↑ at 4 Kmin-1). The structural aspects of the spin transition at 
variable temperature were further investigated with single crystal X-ray diffraction at 150 and 
400 K and XPS experiments at 100, 270, 400 and 500 K, all of which show excellent agreement 
with the magnetic susceptibility data. Furthermore, VT-XPS measurements of the surface 
layers of SCO materials should be further investigated to allow enhanced characterization of 
thin-film devices, as such studies have shown how XPS can be used as a complementary 
technique to magnetic susceptibility measurements in order to determine the HS fraction of 
mononuclear and dinuclear complexes. Future work will also focus on multinuclear Fe(II) 
complexes. 
3.4 Experimental Section 
3.4.1 Materials and Methods 
All chemicals and reagents were sourced and purchased from commercial sources and used 
without further purification. A Waters Xevo QToF mass spectrometer was used to collect all 
high-resolution ESI-MS data in positive ion mode. A Waters lock spray system was used to 
Table 3.2. Binding energies (eV) of the Fe2p peaks of the XPS of 1 at 100, 270, 400 and 500 K.  
Temperature (K) 1/2 3/2 
100 719.73 706.93 
270 719.68 706.88 
400 719.72 706.92 
500 720.02 706.92 
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calibrate the high-resolution masses. A Bruker Vertex 70 with a diamond ATR crystal was 
used to obtain all FT-IR measurements. Using an Agilent Cary 100 UV-Vis with WinUV 
software, all solid-state UV-Vis spectra were measured in Nujol at ambient room temperature, 
the spectra were collected at a scan rate of 600nm per minute from 900-200nm. Scanning 
electron microscopy–electron dispersive spectroscopy (SEM-EDS) analysis was conducted on 
a Phenom XL tabletop instrument. Samples were run at 15 kV in high vacuum without surface 
coating. 
3.4.2 Synthesis of Complex [FeL](BF4)2 (1) 
1,2-Bis(3-aminopropylamino)ethane (230 mg, 1.33 mmol) in ethanol (10mL) was added 
dropwise to thiazole-4-carboxaldehyde (300 mg, 2.66 mmol, 10mL) with trace amounts of 
acetic acid. The reaction mixture was then refluxed for 6 hours under nitrogen. To the mixture, 
iron(II) tetrafluoroborate hexahydrate (447 mg, 1.33 mmol, 10 mL) was added dropwise. The 
resulting blood red solution was stirred for 4 hours. The precipitate was filtered, washed with 
ethanol and dried in air. This crude product was then dissolved in acetonitrile, and the vapour 
diffusion of diethyl ether resulted in the formation of dark red crystals which were air dried, 
with a yield of 69%. FT-IR (ATR, νmax/cm-1): 3296, 1589 and 1033; UV/Vis (solid state in 
nujol): λmax 406, 509, 560 nm; ESI-HRMS (positive-ion detection, CH3CN, m/z): cald. for 
[FeL]2+, 210.0391; found, 210.0468; Single crystals were taken from the same sample and used 
directly in the X-ray study. 
3.4.3 Magnetic Susceptibility Measurements 
Data for magnetic susceptibility measurements were collected on a Quantum Design Versalab 
Measurement System with a Vibrating Sample Magnetometer (VSM) attachment. 
Measurements were taken continuously under an applied field of 0.5 T. A polycrystalline 
sample of 1 was cycled over the temperature range 250-400 K at heating rates of 4, 2 and 1 
Kmin-1. 
3.4.4 Powder X-ray Diffraction 
Powder X-ray diffraction measurements were conducted on a Bruker D8 ADVANCE 
diffractometer with a LynxEye position sensitive detector (PSD). The X-ray source was a 
Copper K-α1 at 1.54 Å at 40 kV and a current of 40mA. The sample scan range was 5-55 
degrees 2θ with a step size of 0.019°. Data processing was conducted using Bruker’s EVA 
software. 
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3.4.5 Single Crystal X-ray Diffraction 
Crystallographic data was collected using a Bruker kappa-II CCD diffractometer at 150 K, 
employing an IµS Incoatec Microfocus Source with Mo-Kα radiation (λ = 0.710723 Å). For 
400 K measurements, the crystal was mounted on a glass fiber, and secured with superglue. 
Data integration and reduction were undertaken with CrysAlisPro.40 The structures were solved 
by direct methods and the full-matrix least-squares refinements were carried out using a suite 
of SHELX programs41,42 via the Olex2 interface.43 Non-hydrogen atoms were refined 
anisotropically. Hydrogen atoms were included in idealized positions and refined using a riding 
model. The crystallographic data in CIF format has been deposited at the Cambridge 
Crystallographic Data Centre with CCDC numbers 1585168 and 1585169. It is available free 
of charge from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 
1 EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.  
3.4.6 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was performed on an ESCALAB250Xi (Thermo 
Scientific, UK) using a monochromated Al K alpha line (energy 1486.68 eV) at 150W (13 kV 
x 12 mA) with a spot size of 500 micrometer on the sample. Electron optics were arranged at 
90 degrees with respect to the surface plane. Survey scans were performed with a pass energy 
of 100 eV with high-resolution scans performed at 20 eV. The complex was measured at 100 
K, 170K, 400 K and then 500 K. Data was processed using the Avantage software package 
(Thermo Scientific, UK). Peaks were calibrated using the Fe2p3/2 peak at 706.9eV and 
background corrected using the Shirley method.44 
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3.6 Supporting Information 
 
 
 
 
S3.1. SEM micrographs of complex 1 with EDS respectively.  
 
 
 
 
 
 
S3.2. FT-IR spectrum of complex 1.  
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S3.3. HRESI-MS of 1 in acetonitrile using positive ion mode, showing the major peak of [FeL]2+. The insert shows 
the simulated (top) versus experimental (bottom) isotopic distribution of the major peak.  
 
 
 
S3.4. UV-Vis solid-state spectrum of complex 1. 
m/z
100 200 300 400 500 600 700 800 900
%
0
100
210.0468
210.5427 439.0784
m/z
208 209 210 211 212 213
%
0
100
m/z
208 209 210 211 212 213
%
0
100
210.0391
209.0469
210.5469
210.0468
209.0475
210.5427
211.0392
0.1
0.15
0.2
0.25
0.3
0.35
400 450 500 550 600 650 700 750 800
A
b
so
rb
an
ce
 (
a.
u
.)
Wavelength nm
134 
 
S3.5. The PXRD patterns of 1 with the measured on top and the simulated at the bottom. The bulk polycrystalline 
material matches very well with the spectrum simulated from the single crystal structure at 150 K, confirming that 
the monoclinic P21/n compound is representative of the bulk sample. 
 
S3.6. Thermogravimetric analysis result for 1.  
135 
 
Chapter Four - Investigation of the Spin Crossover Properties of Three 
Dinulear Fe(II) Triple Helicates by Variation of the Steric Nature of the 
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4.1 Introduction 
The design of new spin-crossover (SCO) coordination complexes is a challenge at the forefront 
of the field of magnetic molecular materials.1-6 Maintained interest in these compounds stems 
from their potential applications in data storage, molecular switching and sensing devices.7,8 
The ability to understand and control the SCO properties of molecular materials has been of 
ongoing interest and research. The intricate effect of intermolecular interactions and magnetic 
coupling on the cooperativity of SCO systems has greatly complicated this understanding. Spin 
transition is generally observed in first-row transition metal coordination complexes with 
electronic configurations in the range d4–d7.9,10 These transitions produce a change in the 
magnetic, optical and structural properties of the material. Most commonly, Fe(II) (d6) is 
implemented in an approximately octahedral coordination environment, which, when in an 
appropriate ligand field, can undergo a transition from the paramagnetic (S = 2) high-spin (HS) 
state (5T2) to a diamagnetic (S = 0) low-spin (LS) electronic configuration (
1A1).
11-14 
Advances in the design of large metallo-supramolecular complexes, utilising metal–ligand 
interactions to synthesise nanoscale architectures such as universal ravels,15 molecular 
knots,16,17 cages18 and helices19,20,21—not so easily accessible through the use of covalent 
bonds—are providing SCO complexes with increasing complexity of design.22,23,24 The 
development of synthetic pathways for the construction of metallo-supramolecular SCO 
architectures that do not require extensive ligand synthesis, and that utilise commercially 
available materials, provides greater accessibility of these materials for future applications of 
SCO materials.25 
Homoleptic tris-diimine moieties have been extensively explored as ligand donors in SCO 
complexes,26 with the 2,4-imidazole-imine functional groups commonly displaying SCO 
behaviour in Fe(II) complexes of this manner.24,27 Imidazole-imine groups create N–H 
hydrogen-bond donor sites towards the exterior of the chemical structure, providing an 
increased potential for the organisation of the induvial subunits into a larger network within 
the crystal structure, leading to magnetic cooperativity between molecular subunits.25 
To the best of our knowledge, there are only a few examples of Fe(II) dinuclear triple helicates 
that are capable of undergoing a reversible spin transition,25,28-32 all of which utilise the 
imidazole-imine moiety. Such compounds are composed of three ligands bridging two metal 
ion centres in a helical architecture. Hannon and co-workers explored the structural and 
magnetic differences of various counter ions and metal ion identities in a helicate series using 
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carbon as the central atom of the ligand (–CH2–).25 Two years later, the Mössbauer and 
magnetic properties of such complexes with the ClO4
− counter ion were examined by Garcia 
and Gütlich.28 More recently, further studies of such helicates were conducted by Kruger,29,30 
employing an oxygen central atom (–O–), identifying the importance of the degree of solvation 
on the spin transition of these compounds, as well as investigating the light-induced trapping 
of the excited state. Alternatively, the design and synthesis of coordination cages reported by 
Fujita,33 showed that the steric nature of the central atom of the ligand (C, S or O) could be 
manipulated to give subtly different ligand angles, which produced profound changes in the 
overall supramolecular architecture. 
After investigations of such dinculear Fe(II) SCO triple helicates, such as counter ions and 
solvents, this paper sought to synthesise three Fe(II) dinculear triple helicates, 
([Fe2(L1)3](BF4)2 (1), [Fe2(L2)3](BF4)2 (2) and [Fe2(L3)3](BF4)2 (3)), and investigate the effects 
of the steric nature of three different central ligand atom identities (–X–, where X = CH2, S or 
O, Figure 1) on the structure and spin transition of their respective helicate architectures. 
Changing the identity of this central atom of the ligand may have several effects on the 
compounds. First, manipulation of the angle with which the ligand coordinates to two Fe(II) 
centres could influence the intra-helical separation (Fe···Fe separation). The investigation of 
the –CH2– compound, 1, by Hannon and Gütlich,25,28 found this separation to be 11.56 Å, while 
in the –O– compounds of Kruger and co-workers the distances of 11.35 and 11.45 Å for 
compounds with MeCN and H2O solvent inclusions were respectively exhibited. Second, slight 
changes in this angle could affect the geometry of the coordination environment (octahedral 
distortion), and therefore affect the temperature of transition.34 Such structural manipulation 
could also cause a change in the preferred three-dimensional packing arrangement of the 
helicates in the crystal lattice, imposing changings on the intermolecular interactions within the 
crystal lattice and inter-helical Fe–Fe separation. These factors could all affect the cooperativity 
between the Fe(II) centres in the lattice, and as a result impact the spin-transition profile. 
 
139 
 
 
Figure 4.1. Schematic representation of the ligands L1, L2 and L3.  
4.2 Results and Discussion 
4.2.1 Synthesis 
Three Schiff base bis-bidentate ligands L1, L2 and L3 were prepared in 88%, 91% and 93% 
yield, respectively, from the condensation of imidazole-4-carbaldehyde with 4,4-
diaminodiphenylmethane, 4,4′-diaminobiphenyl sulfide or 4,4′-diaminodiphenyl ether. 1H 
NMR spectra (Figures S4.1–S4.3) and high-resolution electrospray ionization (HR-ESI) mass 
spectrometry results were consistent with the proposed structures of L1 L2 and L3, with the 
NMR spectra, confirming the formation of bis-bidentate linking species. In the HR-mass 
spectra (Figures S4.4–S4.6), peaks for [Ligand+H]+ were observed at m/z 355.1606 (for 
[L1+H]+), m/z 357.1367 (for [L2+H]+) and m/z 357.1325 (for [L3+H]+); the appropriate isotope 
patterns for [Ligand+H]+ were evident (inserts in Figures S4–S6) with the isotopic distributions 
in excellent agreement with their simulated patterns. The further reaction of L1, L2 and L3 with 
iron(II) tetrafluoroborate in acetonitrile, respectively, followed by the slow diffusion of diethyl 
ether into the reaction mixture, produced large light orange crystals of complexes 1, 2 and 3 of 
suitable quality for X-ray diffraction studies. HR-ESI mass spectrometry results (Figures S7–
S9) revealed a series of peaks of various charges corresponding to {[Fe2(Lm)3][BF4](4−n)}
n+ (m 
= 1–3 and n = 2–4), which are consistent with the successive loss of [BF4]− anions, with the 
isotopic distributions for all the above species being in good agreement with their simulated 
patterns (inserts in Figures S4.7–S4.9). However, a singly charged species of 
{[Fe2(Lm)3][BF4]3}
+(m = 1–3), resulting from the loss of one [BF4]− anion was not observed, 
even at low intensity for all three compounds. 
4.2.2 Magnetic Susceptibility Measurements 
Magnetic susceptibility data was collected over the temperature range of 50–350 K. The 
measurements were performed on polycrystalline samples with a field of 0.5 T; a scan rate of 
4 K/min. The χMT versus T plots for the compounds 1, 2 and 3 are shown in Figure 2. The 
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samples were pre-dried for two weeks in a vacuum oven and heated to 400 K for 30 min in an 
initial heating cycle to remove acetonitrile solvent molecules included in the lattice (see DSC-
TGA measurements Figures S4.10–S4.12). The samples were then cooled to 50 K and 
subsequently heated to 350 K. The heating and cooling modes demonstrated a small hysteresis 
for all three compounds 1–3 (Figure 2 and Figures S4.19–S4.21). 
 
Figure 4.2. Magnetic susceptibility χMT versus T plots for 1–3, at a scan rate of 4 K/min over the temperature 
range of 50–300 K, in both the cooling (square) and heating (circle) modes. For clarity, the inset shows the spin 
transition between 100 and 200 K.  
The χMT versus T plot of 1, in the cooling mode, is characteristic of a half SCO, with broad 
transition taking place between 60 and 250 K. The room temperature χMT of 7.71 cm3·K·mol−1 
corresponds to two magnetically uncoupled octahedral Fe(II) centres with an 5T2 (S = 2) ground 
state. As the temperature was lowered, the χMT stayed relatively constant until 240 K, after 
which it dropped in a single step manner, with a T1/2↓ value of 155 K, towards a value of 4.41 
cm3·K·mol−1 at 50 K. This represents a slightly incomplete half spin transition, with 
approximately 40% of the Fe(II) centres transitioning to a LS1A1 (S = 0) state. Alternatively, 
the heating mode demonstrated a T1/2↑ value of 170 K, indicating a thermal hysteresis of 15 K. 
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The spin transition of 2 demonstrated a more abrupt character. For the cooling mode, the room 
temperature χMT value of 7.65 cm3·K·mol−1 was consistent with a full [HS–HS] state. Upon 
cooling, the χMT also decreased in a single step manner, with a T1/2↓ value of 115 K. At 50 K, 
the χMT value dropping to 3.15 cm3·K·mol−1, which corresponded to c.a. 60% of the Fe(II) 
metal ions having undergone a thermally-induced spin conversion to the low-spin 1A1 (S = 0) 
from the high-spin 5T2 (S = 2) electronic state. A similar thermal hysteresis of 15 K between 
the cooling and heating mode was observed (T1/2↑ 130 K for heating mode). 
Finally, 3 behaved in a similar manner, exhibiting a more gradual spin transition, with a T1/2 of 
150 K and 165 K for the cooling and heating cycles respectively, with a 15 K thermal 
hysteresis. The room temperature χMT value of 7.67 cm3·K·mol−1 again showed complete [HS–
HS] occupation of the Fe(II) centres. This decreased in a single step manner to a value of 3.92 
cm3·K·mol−1 at 50 K, at which point approximately 50% of Fe(II) had transitioned to the low 
spin state. 
Of the three compounds, the sulphur derivative demonstrated the most complete half spin 
transition and a more abrupt nature. The carbon and oxygen derivatives exhibited very similar 
χMT versus T plots, although the oxygen derivative possessed a slightly more complete half 
transition. 
4.2.3 Magneto-Structural Correlations 
Single crystal X-ray diffraction experiments were performed at 100 K for 1, 2 and 3 
respectively (Figure 4.3). The complex 1, which was previously reported by Hannon et al.25 at 
100 K, crystallised in the monoclinic space group C2/c, with half of the helicate in the 
asymmetric unit. The Fe(II) atom is coordinated by three Nimine and three Nimidazole donors in a 
distorted octahedral environment, with octahedral distortion parameters (Σ) of 76.30 (Fe01) 
degrees (Table 4.1). The N–Fe(II) coordinate bond lengths were 2.12 Å (Fe01). These 
intermediate values suggest a mixed population of HS and LS-state Fe(II) centres within the 
helicates of the crystal lattice ([LS–HS]) at 100 K.29,30,34,35 The two Fe(II) centres are separated 
by an inter-helical distance of 11.72 Å (Table 4.2). Hydrogen bonding interactions are present 
between the BF4
− counter ions and the imidazole N–H (F···N 2.71 and 2.80 Å), as well as 
between acetonitrile C–H and counter ion F (C···F 2.71 Å). 
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Figure 4.3. Schematic overlay representation of the X-ray structures of 1 (orange), 2 (green) and 3 (purple) at 100 
K. Counter Ions, solvent molecules and hydrogen atoms have been excluded for clarity.  
Table 4.1. Comparison of important spin cross-over related crystallographic values. 
Compound Σ (degrees) 
Average Fe(II)–N 
Bond Lengths (Å) 
High Spin or Low Spin 
Fe(II) in the 
Asymmetric Unit 
1 100 K Fe01—76.30 Fe01—2.13 
1 mixed HS/LS-state 
population 
2 100 K 
Fe01—59.4 Fe01—2.00 1 HS, 1 LS 
Fe02—90.3 Fe02—2.18  
3 100 K 
Fe01—77.2 Fe01—2.10 1 HS, 1 mixed 
Fe02—85.2 Fe02—2.18 HS/LS state population 
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Table 4.2. Comparison of helical geometric parameters in 1, 2 and 3. 
Complex 
–X– Angle 
(degrees) 
Intra-Helical 
Separation (Å) 
Closest Inter-
Helical 
Separation (Å) 
1 113.6 11.72 8.71 
2 104.9 11.78 8.31 
3 115.8 11.62 7.96 
 
The complex 1 packs in infinite 2D sheets along the c and a-crystallographic axes in rows of 
helicates orientated in a diagonal manner with respect to the adjacent helicates along these axes 
(Figure 4.4). These 2D sheets stack upon one another along the b-axis in an offset manner. The 
observed differences in magnetic susceptibility results between 1 and those reported by Hannon 
et al. may be a result of the different packing arrangements these helicates demonstrate and the 
absence of the formation of a two-dimensional hydrogen-bonding network in 1. As such, 
differences in molecular arrangement and non-covalent interactions leads to separate degrees 
of cooperativity between Fe(II) centres throughout the crystal lattice. The lesser extent to which 
counter ions provide intermolecular interactions between individual helicates may explain why 
the spin-crossover observed in this study is less abrupt in nature.36 The asymmetric unit 
obtained by Hannon et al. contained two waters, two acetonitriles and one diisopropyl ether 
molecule, whereas the crystal structure of 1 contained only two partially occupied acetonitrile 
molecules in the asymmetric unit. The packing differences, along with the alternate solvent 
molecules, could have led to different degrees of cooperativity between Fe(II) centres of the 
crystal lattice. It is also to be noted that 1 was crystallised by means of a diethylether vapour 
diffusion, while Hannon et al. employed a diisopropyl ether diffusion. 
The magnetic susceptibility measurement at 100 K (4.84 K·mol−1) suggests approximately 
40% of Fe(II) centres have transitioned to a low spin state. This is confirmed by crystal data 
measurements, which show Fe–N bond lengths and distortion parameters representative of a 
mixed spin-state population, [LS–HS], of Fe(II) centres. At this stage, single crystal diffraction 
experiments were unable to be performed at high temperatures. 
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Figure 4.4. Schematic representation of the crystal packing structure of 1 at 100 K, demonstrating the formation 
of 2D sheets of interdigitated helicates. Solvent molecules and counter ions have been excluded for clarity. Mixed 
spin state populated Fe(II) metal centres are represented by red spheres. The crystallographic c-axis runs along 
the length of the page, and the a-axis down the page.  
At 100 K, complex 2 crystallised in the triclinic space group P1¯. A single unique helicate was 
present in the asymmetric unit, encompassing one high-spin and one low-spin Fe(II) centre 
(Figure 4.5). This is confirmed by average Σ values of 90.3 and 59.4 degrees and the average 
Fe(II)–N distances of 2.18 and 2.00 Å for the HS and LS Fe(II) centres respectively,34,35,37 
which is consistent with magnetic measurements that suggest a 53% transition to the low spin 
state at 100 K (χMT 7.67 cm3·K·mol−1). The intra-helical distance in this case is 11.78 Å. These 
helicates are linked by hydrogen bonding between the uncoordinated NImidazole N–H and BF4− 
counter ions (F···N 2.78 and 2.90 Å) along the a-axis. Along this axis, the adjacent centres 
linked by hydrogen-bonding are of the same spin-state. Packing along the c-axis lengthwise, in 
a slightly interdigitated manner, positions the closest Fe(II) centres of adjacent helicates so that 
they are of the opposite spin state (inter-helical distance 12.31 Å) (Figure 5). Similarly, along 
the b-axis, inversion of the complexes produces alternating HS and LS Fe(II) centres, so that 
centres of opposite spin states are closest to one another (inter-helical distance 8.31 Å) (Figure 
4.6). This is considerably closer than the intra-helical distance between Fe(II) metal ions (Table 
4.2). In this manner, the high and low spin states alternate throughout the crystal lattice at 100 
K. The helicates are not linked by hydrogen bonding along the b or c-axis. Hydrogen-bonding 
interactions linking complexes of like spin-states along the a-axis suggest some degree of 
cooperativity between Fe(II) centres along this crystallographic axis. Three of the six aryl 
substituents participate in intramolecular edge-to-face CH···π interactions, stabilising larger 
torsion angles between planes of the two phenyl groups of the same ligand. 
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Figure 4.5. Schematic representation of the X-ray crystal structure of 2 at 100 K showing the distribution of high 
(yellow) and low spin (purple) Fe(II) centres along the crystallographic c- and a-axis. Hydrogens, solvent and 
counter ions have been excluded for clarity.  
 
Figure 4.6. Schematic representation of the X-ray crystal structure of 2 at 100 K showing the distribution of high 
(yellow) and low spin (purple) Fe(II) centres in alternating HS and LS centres along the b- and c-axis, and in 
chains of the same spin state along the a-axis. Hydrogens, solvent and counter ions have been excluded for clarity.  
Finally, complex 3 at 100 K also crystallised in the triclinic space group P1, with one molecule 
in the asymmetric unit. The Σ octahedral distortion and Fe–N bond lengths in this case suggest 
one HS and one mixed spin state populated Fe(II) centre (2.18 and 2.10 Å and Σ values of 85.2 
and 77.2 degrees). Again, this agrees with the magnetic susceptibility data at 100 K (4.07 
cm3·K·mol−1), which indicates that around 53% of Fe(II) centres are in the HS state. At 100 K, 
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the complex packs in undulating layers of complexes along the crystallographic a-axis. Along 
the a and b-axis, the Fe(II) centres in neighbouring helicates pack so that they are adjacent to 
Fe(II) ions of the same spin state (Figure 4.7). These form infinite row-like domains of Fe(II) 
atoms throughout the lattice with the same spin state. Hydrogen bonding interactions between 
non-bonding imidazole nitrogens and BF4
− counter ions (F···N 2.87, 2.74, 2.89 and 2.83 Å) 
link HS centres to mixed-spin state centres of adjacent complexes along the c-axis. The intra-
helical Fe···Fe separation is 11.62 Å, while the shortest inter-helical distance is 7.96 Å. This 
intra-helical distance is very similar to that found by Archer et al.30 in an oxygen helicate 
derivative with methylated imidazole moieties. Two of the six aryl rings of the dinuclear triple 
helicate participate in edge-to-face CH···π interactions of 2.54 and 2.83 Å. 
This study was interested in how the angle formed between the linking atom (C, S or O) and 
the two phenyl rings of the ligand (–X–, where X = CH2, S or O) affects the nature of the spin 
transition. Differences in this angle could influence the spin transition by altering the intra-
helical distance, or by altering the orientation with which the complexes pack, therefore 
changing the degree of intermolecular interactions and cooperativity between metal centres. 
The –X– ligand angle was largest for the –O– in 3 (115.760 degrees), while –CH2– (1) and –
S– (2) were 113.6 and 104.9 degrees respectively. The packing orientations of the three 
structures at 100 K differ significantly. This could be a factor of the intra-helical distance and 
other geometric properties of the helicates, as well as the different intermolecular interactions 
with solvent and counter ion molecules. Interestingly, the magnetic susceptibility curves of 1 
and 3 are very similar in shape (T1/2↓ 155 and 150 K respectively), as are their –X– angles. On 
the other hand, 2 displayed a much steeper curve (T1/2↓ 115 K), and in turn a larger intra-helical 
separation. Complex 2 also displayed a greater degree of intermolecular interactions mediated 
by the BF4
− anions, linking the helicates into chains along the a-axis. In this structure, these 
“linked” Fe(II) centres were of the same spin-state (see above), suggesting a greater degree of 
cooperativity between Fe(II) centres in this structure. As has been shown previously, the 
intermolecular interactions, particularly hydrogen bonding, are a crucial influence on the 
cooperativity of the spin transition.36,38,39 This cooperativity may be a factor influencing the 
more abrupt nature of the spin transition in 2. To surmise, altering the steric nature of the central 
ligand atom (C, O or S) shows a slight influence on the spin transition, allowing the spin 
transition to be altered in this manner. Although the direct cause of this difference is not clear, 
it is more likely to be a consequence of subtle changes in the packing arrangement, the inter 
and intra-helical separations, as well as the degree of intermolecular interactions within the 
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crystal structure. Important crystallographic information for compounds 1, 2 and 3 is included 
in Table 4.3. 
 
 
 
 
Figure 4.7. Schematic representations of the crystal packing structure of 3 at 100 K showing the packing of HS 
(yellow) and mixed spin state (red) Fe(II) centres in undulating rows of metal ions with similar spin states 
throughout the crystal lattice. Image (A) shows the packing in two-dimensions and image (B) shows three-
dimensional arrangement of Fe(II) centres. Hydrogens, solvent and counter ions have been omitted for clarity.  
 
 
148 
 
Table 4.3. Crystallographic data for the compounds measured in this experiment.  
 1·(CH3CN) 2·2(CH3CN) 3·2(CH3CN) 
Empirical formula C65H57B4F16Fe2N19  C64H54B4F16Fe2N20S3  C64H54B4F16Fe2N20O3 
Formula weight 1563.23  1658.39  1610.21 
Temperature/K 100  100  100 
Crystal system monoclinic  triclinic  triclinic 
Space group C2/c  P1 P1 
a/Å 21.131(4)  9.5210(19)  13.837(3) 
b/Å 17.391(4)  16.723(3)  13.855(3) 
c/Å 21.069(4)  23.621(5)  20.684(4) 
α/° 90  95.29(3)  77.43(3) 
β/° 107.00(3)  100.29(3)  77.58(3) 
γ/° 90  92.93(3)  86.73(3) 
Volume/Å3 7404(3)  3675.8(13)  3779.5(15) 
Z 4  2  2 
ρcalc.g/cm3 1.402  1.498  1.415 
μ/mm 1 0.485  0.576  0.481 
F(000) 3184.0  1684.0  1636.0 
2Θ range for data collection/° 0.02 × 0.01 × 0.01  0.015 × 0.0075 × 0.0075  0.02 × 0.01 × 0.01 
Index ranges Synchrotron (λ = 0.7108) Synchrotron (λ = 0.7108) Synchrotron (λ = 0.7108) 
Reflections collected 3.09 to 52.998  1.762 to 52.742  2.062 to 53.998 
Independent reflections 
−26 ≤ h ≤ 26, −21 ≤ k ≤ 21, 
−26 ≤ l ≤ 26  
−11 ≤ h ≤ 11, −20 ≤ k ≤ 20, 
−29 ≤ l ≤ 29  
−17 ≤ h ≤ 17, −17 ≤ k ≤ 17, 
−26 ≤ l ≤ 26 
Data/restraints/parameters 50460  45853  57096 
Goodness-of-fit on F2 
6995 [Rint = 0.0697, Rsigma 
= 0.0341]  
13521 [Rint = 0.0971, Rsigma 
= 0.0898]  
14860 [Rint = 0.0446, Rsigma = 
0.0360] 
Final R indexes [I >= 2σ (I)] 6995/218/630  13521/202/1047  14860/33/1095 
Final R indexes [all data] 1.119  1.157  1.072 
Largest diff. peak/hole/e Å-3 R1 = 0.1050, wR2 = 0.2997  R1 = 0.1103, wR2 = 0.2958  R1 = 0.0691, wR2 = 0.1967 
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4.3 Materials and Methods 
All reagents and solvents were purchased from commercial sources, with no further 
purification being undertaken. 1H NMR spectra were recorded on a Bruker 400 MHz 
spectrometer (Bruker AXS GmbH, Karlsruhe, Germany). High resolution ESI-MS data were 
acquired using a Waters Xevo QToF mass spectrometer (Waters, Milford, MA, USA), 
operating in positive ion mode with a desolvation temperature of 120, desolvation gas flow of 
450 and varying sample and extraction cone temperatures. A waters lock spray system was 
used to calibrate the high-resolution masses. FT-IR measurements were undertaken on a Bruker 
Vertex 70 (Bruker AXS GmbH, Karlsruhe, Germany) with a diamond ATR stage. DSC and 
TGA measurements were performed using a simultaneous thermal analysis (STA) 449 C 
Jupiter instrument (Netzsch Australia Pty Ltd., Sydney, Australia). The STA measurements 
were performed using an aluminium crucible; nitrogen was used as both the protective and 
purge gases, and the temperature range of 30–200 °C was cycled at a rate of 10·K·min−1. 
4.3.1 Preparation of (L1, L2 and L3) 
The methanol (15 mL) solution of 0.75 mmol of 4,4′methylenedianiline, 4,4-oxydianiline or 
4,4-thiodianiline was added dropwise to 1.50 mmol of imidazole-4-carbaldehyde in 15 mL 
methanol under stirring. Three drops of glacial acetic acid were added and the reaction mixture 
was refluxed overnight. The mixture was allowed to cool to room temperature, and 
subsequently cooled in a refrigerator. The white precipitate was filtered, washed with MeOH 
and air dried. 
L1: Yield 88%. 1H NMR (DMSO, 400 MHz) δ (ppm) 8.44 (s, 2H), 7.83 (s, 2H), 7.65 (br, 2H), 
7.26 (d, 4H), 7.14 (d, 4H), 3.95 (s, 2H); ESI-MS (positive-ion detection, CH3CN, m/z): cald. 
for [L1+H]+, 355.1671; found 355.1606; FT-IR (ATR νmax/cm−1): 3023, 2821, 1626, 1501, 
1221, 1093, 873, 841, 620, 537 cm−1. 
L2: Yield 91%. 1H NMR (DMSO, 400 MHz) δ (ppm) 8.46 (s. 2H), 7.83 (d, 3H), 7.56 (br, 1H), 
7.36 (d, 4H), 7.23 (d, 4H); ESI-MS (positive-ion detection, CH3CN, m/z): cald. for [L2+H]
+, 
373.1235; found 373.1167; FT-IR (ATR νmax/cm−1): 2579, 1622, 1491, 1243, 1111, 834, 622, 
535 cm−1. 
L3: Yield 93%. 1H NMR (DMSO, 400 MHz) δ (ppm) 8.45 (s. 2H), 7.84 (s, 2H), 7.26 (d, 4H), 
7.04 (d, 4H), 3.38 (s), 2.51 (p); ESI-MS (positive-ion detection, CH3CN, m/z): cald. for 
[L3+H]+, 357.1464; found 357.1325; FT-IR (ATR νmax/cm−1): 2583, 1630, 1578, 1364, 1110, 
1087, 867, 821, 777, 620, 552 cm−1. 
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4.3.2 Preparation of 1, 2 and 3 
Fe(BF4)2·6H2O (0.2 mmol) in 10 mL of acetonitrile was slowly added to a suspension of L1, 
L2 or L3 (0.3 mmol) in 20 mL of acetonitrile. The reaction mixture was heated at 70 °C and 
stirred for 3 h, leading to a clear orange solution. The solution was filtered, with a slow 
diffusion of diethyl ether into the acetonitrile solution, resulting in the formation of large orange 
crystals. These were then allowed to dry under vacuum. Single crystals were taken from the 
same sample and used for the X-ray study. 
1: Yield 81%. ESI-HRMS (positive ion detection, CH3CN, m/z): cald. for [Fe2(L1)2]
4+, 
293.5881; found 293.5724; FT-IR (ATR νmax/cm−1): 3311, 1619, 1491, 1225, 1006, 613 cm−1. 
2: Yield 78%. ESI-HRMS (positive-ion detection, CH3CN, m/z): cald. for [Fe2(L2)2]
4+, 
307.0554; found 307.0481; FT-IR (ATR νmax/cm−1): 3310, 2981, 1615, 1004, 613, 562 cm−1. 
3: Yield 85%. ESI-HRMS (positive-ion detection, CH3CN, m/z): cald. for [Fe2(L3)2]
4+, 
295.0726; found 295.0609; FT-IR (ATR νmax/cm−1): 3310, 3150, 1618, 1490, 1225, 1200, 
1007, 861, 838, 613, 520 cm−1. 
4.3.3 X-ray Crystallography 
The X-ray crystallography experiments were performed at the Australian Synchrotron, using 
silicon double crystal monochromated radiation at 100 K.40,41 The crystal was rotated through 
Phi angle of 1–360 degrees. Data was collected at 100 K for each structure. Data integration 
and reduction was undertaken with XDS.42 An empirical absorption correction was then 
applied using SADABS at the Australian Synchrotron.43 The structures were solved by direct 
methods and the full-matrix least-squares refinements were carried out using a suite of SHELX 
programs44,45 via the OLEX2 graphical interface.46 Non-hydrogen atoms were refined 
anisotropically. Carbon-bound hydrogen atoms were included in idealised positions and 
refined using a riding model. The crystallographic data in CIF format has been deposited at the 
Cambridge Crystallographic Data Centre with CCDC 1568781–1568783. It is available free of 
charge from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1 
EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Specific refinement 
details and crystallographic data for each structure are present above and in the supporting 
information. The asymmetric unit of 1 contains one half of a helicate, two BF4
− counter ions 
and two acetonitrile molecules, with occupancies of 0.25. One counter ion was modelled in 
two parts, one of 0.8 and one of 0.2 occupancies, the latter of which was modelled isotropically. 
Both solvent molecules were modelled isotropically. Compound 2 possessed one helicate, four 
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BF4
− counter ions and two acetonitrile solvent molecules. Disorder in two BF4
− counter ions 
were modelled in two parts. Compound 3 possessed an asymmetric unit with one full helicate, 
four BF4
− counter ions and four acetonitrile molecules with an occupancy of 0.5 each, one of 
which was modelled in two parts of 0.25 occupancy. These later two were modelled 
isotropically. 
4.3.4 Magnetic Susceptibility Measurements 
Samples of crystalline material were dried for two weeks in a vacuum oven at 340 K prior to 
magnetic measurement. Data for magnetic susceptibility measurements were collected on a 
Quantum Design Versalab Measurement System (Quautum Design, San Diego, CA, USA) 
with a Vibrating Sample Magnetometer (VSM) attachment. Measurements were taken 
continuously under an applied field of 0.5 T. For each experiment, samples were first heated 
in situ to 400 K for 30 min to ensure complete solvent loss, and subsequently cycled over the 
temperature range 50–350 K at a heating rate of 4 K·min−1. 
4.4 Conclusions 
In conclusion, a series of two novel and one previously studied Fe(II) dinuclear triple helicates 
was presented, utilising a homoleptic tris-2,4-diimine coordination environment to induce a 
low temperature spin transition. The identity of the central atom of the ligand was changed to 
deduce the effects of the different steric nature of these ligands on the structure and spin-
transition profile of these compounds (1, 2 and 3). All three compounds displayed a transition 
of approximately half of the Fe(II) centres at 50 K. Compound 1 (–CH2–), 2 (–S–) and 3 (–O–
) completed a transition of 40%, 60% and 50% of Fe(II) ions to the S = 0 LS state respectively 
at 50 K, with a T1/2↓ value of 150, 115 and 155 K in the cooling mode, and thermal hysteresis 
of 15 K for 1, 2 and 3. Compound 2 showed the most complete and abrupt spin transition. The 
three compounds crystallised in the same space group, although displayed different packing 
arrangements, intermolecular interactions and arrangements of HS and LS centres throughout 
the lattice. The ligand (–X–) angle was found to be 113.6, 104.9 and 115.8 degrees for 
compounds 1, 2 and 3 respectively, corresponding to intra-helical Fe···Fe separations of 11.72 
11.79 and 11.62 Å. Changing the steric nature of the central ligand atom (C, S or O) produced 
helicate complexes with slight differences in their magnetic behaviours, which allows the 
magnetic properties of these materials to be altered in this way. Although the direct mechanism 
of this change cannot be confirmed and is likely to be the result of changes in crystal packing, 
the degree of intermolecular interactions, intra-helical distances and the electronic effects of 
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the substituted ligand central atoms could cause differing degrees of cooperativity between 
Fe(II) metal centres. 
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4.6 Supporting Information 
 
1H NMR  
 
S4.1. 1H-NMR spectrum of L1 (DMSO, 400 MHz).  
 
S4.2. 1H-NMR spectrum of L2 (DMSO, 400 MHz).  
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S4.3. 1H-NMR spectrum of L3 (DMSO, 400 MHz).  
 
High resolution Electrospray Ionization Mass spectra 
 
S4.4. ESI-HRMS spectrum of L1. The inset shows the isotope pattern for {[H+L1]+ (bottom) with the simulated 
distribution (top). 
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S4.5. ESI-HRMS spectrum of L2. The inset shows the isotope pattern for {[H+L2]+ (bottom) with the simulated 
distribution (top). 
 
 
 
 
 
 
S4.6. ESI-HRMS spectrum of L3. The inset shows the isotope pattern for {[H+L3]+ (bottom) with the simulated 
distribution (top). 
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S4.7. ESI-HRMS spectrum of 1. The inset shows the isotope pattern for [Fe2(L1)3]4+ (bottom) with the simulated 
distribution (top). 
 
 
 
 
 
 
 
S4.8. ESI-HRMS spectrum of 2. The inset shows the isotope pattern for [Fe2(L2)3]4+ (bottom) with the simulated 
distribution (top). 
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S4.9. ESI-HRMS spectrum of 3. The inset shows the isotope pattern for [Fe2(L3)3]4+ (bottom) with the simulated 
distribution (top). 
 
Simultaneous thermal analysis (STA) – DSC-TGA 
 
 
 
S4.10. Thermogravimetric and differential thermal analysis results for 1. 
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S4.11. Thermogravimetric and differential thermal analysis results for 2. 
 
 
 
 
S4.12. Thermogravimetric and differential thermal analysis results for 3. 
 
Note – acetonitrile solvent coming off between 50 and 100 degrees Celsius. Only a very 
small mass loss of 2.91, 1.80 and 0.43 % observed for 1, 2 and 3 respectively. 
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S4.13.  FT-IR spectrum of L1.  
 
 
 
S4.14.  FT-IR spectrum of L2.  
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S4.15.  FT-IR spectrum of L3.  
 
 
 
S4.16.  FT-IR spectrum of 1.  
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S4.17.  FT-IR spectrum of 2.  
 
 
 
S4.18.  FT-IR spectrum of 3.  
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Magnetic susceptibility 
 
 
S4.19. Cooling and heating modes of 1, cycling from 300-50-300 K, show a thermal hysteresis of 15 K.  
 
S4.20. Cooling and heating modes of 2, cycling from 300-50-300 K, showing a Thermal hysteresis of 15 K. 
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S4.21. Cooling and heating modes of 3, cycling from 300-50-300 K, with a thermal hysteresis of 15 K.  
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Chapter Five - Solvent Effects on the Spin-Transition in a Series of Fe(II) 
Dinuclear Triple Helicate Compounds 
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5.1 Introduction  
Spin crossover materials continue to attract an extensive degree of multidisciplinary research 
effort.1-5 These materials have demonstrated promise for uses in molecular switches and 
sensors.6-9 These applications stem from the inherent bistability of such materials and the many 
ways with which this bistablity can be altered. For octahedral Fe(II) based materials, a spin-
transition may be induced by temperature, pressure or light between the paramagnetic 5T2 HS 
(S = 2) state and the diamagnetic 1A1 LS (S = 0) state.
2,10,12  
The ability of the spin transition to be readily altered can serve as a strong advantage in SCO 
research, in that factors such as the transition temperature (T1/2), the number of steps, the 
completeness, and the abruptness can be subtly manipulated. However, this can also serve as a 
distinct problem for these materials when it comes to finding real world applications. That so 
many external influences can alter the spin-transition of a compound makes the precise nature 
of fabricated SCO materials very difficult to predict and control. The extensive, and 
importantly, the varied effects that the solvent of crystallisation has on the properties of SCO 
materials is a prime example of this.12,13  
It has been extensively shown that that the spin transition of SCO materials can be significantly 
affected by the intermolecular interactions induced by solvent molecules.14-26 Solvent 
molecules of crystallisation can be an important determining factor in the SCO of a material, 
affecting the transition temperature (T1/2),
26-37 the nature of the spin transition as well as the 
degree of cooperativity and thermal hysteresis.12,38-41 Previous studies have indicated that the 
elastic interactions between the SCO active metal centres can be improved by the formation of 
hydrogen-bonding networks between solvent and/or anion molecules, leading to abrupt and 
hysteric spin transitions.14,15 Furthermore, solvent molecules can impose different crystal 
packing arrangements in the lattice, affecting the cooperative interactions between metal 
centres. Single-crystal-to-single-crystal transformations (symmetry breaking) arising from the 
exchange of solvent molecules of crystallisation have also been demonstrated.1,42-47 
Intermolecular interactions with solvent molecules can influence the octahedral distortion and 
ligand field splitting energies in certain materials.1 In some examples, these effects can even 
be reversibly triggered by desolvation and resolvation of the solid material.48-51 The onset of 
an apparent hysteresis, in which irreversible changes in the profile are observed, are often 
induced by the loss of solvent molecules, a process that tends to stabilise the HS state.24,5,52-54 
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It is clear that the thermal spin transition can be ‘tuned’ by the adsorption and desorption of the 
solvent molecules of crystallisation, with potential application as chemosensors.20  
The subtleties of the effects of solvent molecules on the spin-transition phenomenon are 
particularly highlighted in a study performed by Fumanal and co-workers on a family of 
bis(pyrazole-X-yl)pyridine Fe(II)-based complexes, where it was found that the behaviour of 
FeL(BF4)2.acetone was dependant on the distortion of the Fe-N6 coordination environment and 
not so much by the intermolecular interactions, while in the FeL(BF4)2.2PC (where PC is 
propylene carbonate) compound, the transition was influenced mainly by intermolecular 
interactions, with solvent-solvent interactions enhancing the stability of the LS state, while the 
distortions of the coordination sphere were not so important.20 Kruger and co-workers have 
previously presented a pair of solvatomorphs of a Fe(II) dinuclear triple helicate structure that 
demonstrated a half-transition when containing water molecules of crystallisation and a full 
asymmetric spin crossover when acetonitrile molecules were present in the crystal lattice.52,55 
Two independent studies were performed by Garcia et al. and Neville et al. on two 
pseudopolymorphs of the complex [Fe(II)2(L)5(cis-NCS)4](MeOH)n, where n = 4 and 2 
respectively. The first presented a monoclinic structure with a T1/2 of 155 K, the latter a triclinic 
structure with no SCO taking place.56,57 Despite the formula of these two compounds differing 
by only two MeOH solvent molecules, and both polymorphs exhibiting π-π stacking 
interactions, vastly dissimilar magnetic properties were obtained.  
Previously, we reported the SCO of three fully desolvated dinuclear triple helicate compounds 
1-3, that displayed single-step spin-transitions of ca. 50% completion.58 Herein we report the 
effects of the loss of acetonitrile solvent molecules on the spin-transitions in this series of 
dinuclear triple helicates, 1-3, of general formula [Fe(II)2L3](BF4)4(CH3CN)n, that differ in the 
steric nature of L (Figure 5.1). These compounds exhibit an irreversible stabilisation of the 
mixed [LS-HS] state, a change in the completeness of SCO as well as a transfer from a two-
step to a single-step spin-transition upon desolvation in the case of 1 and 2. Conversely, 3 
exhibits an irreversible alteration from a gradual SCO (or possibly weak ferromagnetic 
interaction) into to a single-step incomplete SCO with desolvation. The nature of the observed 
symmetry breaking in compounds 1-3 is also explored.  
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Figure 5.1. Schematic representation of the Ligands L1, L2 and L3 used in the dinuclear triple helicate 
architectures presented in this study.  
5.2 Results and Discussion 
Magnetic susceptibility studies on polycrystalline samples of 1-3 between 50-350 K 
demonstrate that these compounds exhibit solvation dependant SCO, as shown in Figure 5.2.  
The samples were measured under two separate conditions. First, the solvated sample was 
placed in inert plastic tubing which was then sealed. The temperature was increased to a 
maximum of 300 K to ensure as little solvent loss as possible from the sample. Secondly, the 
solvated sample was placed in a normal magnetic sample tube and the temperature ramped to 
a maximum of 350 K, allowing partial loss of solvent. Simultaneous thermal analysis (DSC-
TGA) measurements on solvated crystalline samples showed that the percentage weight lost 
due to desolvation matches closely to the mass percentage of acetonitrile present in the 
asymmetric unit at 100 K calculated from single crystal X-ray diffraction results (for the 
measurements DSC%/SCXRD% - 1 – 3.39/3.92, 2 – 4.76/4.95, 3 – 5.14/5.01).58  
When sealed, compound 1 underwent a more complete two-step thermally induced spin 
transition. The room temperature χMT value was 7.70 cm3·K·mol−1, corresponding to two 
uncoupled Fe(II) centres in the HS 5T2 (S = 2) state. Upon cooling, the χMT value decreased 
steadily, reaching the first T1/2↓ at 205 K. After a minimum in the rate of change (first 
derivative) in the magnetic susceptibility at 138 K, the second T1/2↓ occurred at 100 K, after 
which the susceptibility dropped to a value of 2.13 cm3·K·mol−1 at 50 K. At this point 
approximately 72 % of Fe(II) ions have transitioned to the LS 1A1 (S = 0) state.  
On the other hand, when the sample was run in an ordinary magnetic sample holder and taken 
to 350 K—allowing loss of solvent to occur—dramatic changes in the transition profile 
occurred. In the heating mode, the room temperature magnetic susceptibility remained around 
7.70 cm3·K·mol−1, and the minimum value was 4.55 cm3·K·mol−1 at 50 K, corresponding to 
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only 40% of the Fe(II) metal centres undergoing a transition to the LS 1A1 state at 50 K. The 
transition occurred in a single step manner and the T1/2 was 180 K. In the cooling mode, the 
transition occurs in a slightly more abrupt manner, reaching a minimum χMT value of 4.40 
cm3·K·mol−1 at 50 K with a T1/2 of 155 K. 
Similarly, the sealed sample of 2 demonstrated a two-step spin-transition, decreasing from a 
χMT value at 300 K of 7.55 cm3·K·mol−1 to 2.17 cm3·K·mol−1 at 50 K, with T1/2↑ of 209 and 
125 K and T1/2↓ 135 and 219 K. Again, around 72% of Fe(II) centres present in the material 
have undergone a spin-transition at this point. When the sample holder was not sealed, the spin 
transition profile exhibited a very similar trend to that of 1, in which only 50% of the Fe(II) 
metal centres had undergone transition to the LS state at 50 K. In unsealed samples of 1 and 2 
the loss of solvent molecules of crystallisation results in only half of the Fe(II) ions undergoing 
a spin-transition, trapping the sample in either a [LS-HS] state, or a 50-50 mixture of [LS-LS] 
and [HS-HS] helicates.  
The sealed sample of 3 displayed a room temperature χMT of 7.70 cm3·K·mol−1. This deceases 
in a steady fashion to 4.27 cm3·K·mol−1 at 50 K. The gradual, monotonic decrease in χMT may 
be interpreted as temperature-independent paramagnetism (TIP), weak antiferromagnetic 
coupling between HS Fe(II) centres or possibly very gradual spin crossover.59 On the other 
hand, the unsealed sample of 3 showed a similar shape to that of 1 and 2. The heating mode 
gave a room temperature χMT value of 7.65 cm3·K·mol−1, which steadily decreased over a range 
of 250 K to 50 K at which point the magnetic susceptibility was 3.76 cm3·K·mol−1, 
demonstrating an inflexion point (T1/2) at 182 K.  At 50 K the spin-transition is incomplete, 
with ca. half of the Fe(II) centres remaining HS. The proceeding cooling mode demonstrated 
similar room temperature and 50 K χMT values, although it occurred in a more abrupt fashion, 
with a T1/2 value of 140 K, 42 K lower than that of the previous heating mode. 
For 1 and 2, the sealed samples both demonstrated a more complete (70%) two-step transition, 
whilst the unsealed samples of all three compounds demonstrated one-step half completed 
SCO. For all three compounds, loss of solvent in the unsealed samples results in a shift in the 
T1/2 to lower temperatures, which as mentioned above, has also been the case in several other 
solvent sensitive materials.  A study performed by Kruger and co-workers52 on a 2-positioned 
methylated imidazole donor helicate (ClO4
- salt), was quite similar to that obtained for 3, and 
showed a similar trend to those obtained for 1, 2 and 3 in that the T1/2 moved to lower 
temperature with solvent loss (water molecules in their case) and a more abrupt spin transition 
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occurring. Although on the other hand, the extent of HS↔LS conversion and the nature of the 
transition profile remained the same. In this context, it is noted that Milin and co-workers have 
shown that the dehydration of [Fe(L2)](tcm)2·2H2O (where L = 1,8-bis(2′-pyridylmethyl)-
1,4,8,11-tetraazacyclotetradecane and tcm = tricyanomethanide) caused a loss of cooperativity 
in the spin transition and a more gradual transition.60 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Magnetic susceptibility χMT versus T plots for 1–3, figures a-c respectively, at a scan rate of 4 K/min 
over the temperature range of 50–300 K (solvated) and 50-350 K (desolvated). Inserts for 1 and 2 display the rate 
of change (first derivative) of the χMT value in the sealed samples.  
c) 
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5.2.1 Magneto-structural correlations 
The single-crystal X-ray diffraction results at 100 K for 1-3 were presented in our previous 
report of the magnetic properties demonstrated by the completely dried solids.58 This work 
further investigates the structural characteristics of these compounds, presenting the structures 
of 1-3 at 298 K as well as 2 at 155 K and 3 at 165 K in an attempt to probe the spin-transitions 
occurring in these compounds. 
At 100 K, 1 crystallised in the monoclinic space group C2/c – an alternative space group to that 
studied by Hannon and co-workers on a solvatomorph of this compound crystallised under 
different conditions - as previously reported.61 The measured octahedral distortion (∑) and 
average Fe-N coordinate bond lengths (Fe01 - 76.30⁰ and 2.13 Å respectively – Table 5.1) 
suggest that there is one mixed HS/LS-state populated Fe(II) centre in the asymmetric unit. 
This correlates well with the 35% HS fraction calculated from magnetic susceptibility results 
at this temperature for the sealed sample. Hydrogen-bonding between BF4
- counter ions and 
the imidazole N-H of the non-coordinating nitrogen atom is present for all six imidazoles of 
the helicate. The one and a half acetonitrile molecules present in the unit cell participate in non-
classical hydrogen bonding with BF4
- counter ions (F3BF
…H-CH2C-N of 2.00 Å).  In this way, 
loss of the solvent of crystallisation could hinder the intermolecular interactions present in the 
crystal lattice and reduce the ability of the helicates to cooperatively transition to the LS-state 
following solvent loss, leading to destabilising of the [LS-LS] state.  
At 298 K, 1 presents triclinic symmetry, crystallising in the space group P , with similarly 
positioned BF4
- anions. Likewise, no supramolecular interactions connect adjacent helicates in 
the crystal lattice. Crystallographic parameters at 298 K (∑ = Fe01- 84.84 and Fe02 – 84.90⁰, 
and average Fe-N = Fe01- 2.21 and Fe02 -2.19 Å) are in agreement with the magnetic data, 
identifying the Fe(II) centres to be in the [HS-HS] state at room temperature.  
Single crystals of 2 were found to be of triclinic P  symmetry at 100 K, with hydrogen-bonding 
between imidazole N-H, BF4
- anions and acetonitrile solvent molecules connecting adjacent 
helicates from both ends along the crystallographic a-axis, so as to arrange neighbouring a-
axis helicates in a side-on manner (Figure 5.3).  Both acetonitrile molecules present interact 
through hydrogen bonding (CH3CN
…H-N) with the non-coordinating nitrogen of the imidazole 
moiety, with contact lengths of 2.91 and 2.89 Å. The loss of such interactions in the desolvated 
structure may be another contributing factor in the destabilising of the [LS-LS] state and a 
lower T1/2. The measured ∑ of 59.4 and 90.3 for Fe01 and Fe02 respectively, in conjunction 
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with average Fe-N coordination bond lengths of 2.00 and 2.18 for Fe01 and Fe02, confirm the 
results of magnetic susceptibility measurements, and suggests that the helicates are present as 
the [LS-HS] spin isomer.  
The first variable temperature single-crystal X-ray diffraction measurement obtained at 155 K 
for single crystals of 2, show an almost identical structure to that at 100 K, with the same 
number of solvent molecules and intermolecular interactions, and very similar crystallographic 
parameters (∑ = 60.37 and 92.68⁰ and average Fe-N = 2.00 and 2.18 Å for Fe01 and Fe02 
respectively). On the other hand, at 298 K, 2 exhibited monoclinic P21/n symmetry. The 
observed number of solvent molecules and their interactions were again found to be the same 
as in the 100 K structure, with adjacent helicates connected by hydrogen bonding between 
imidazole N-H and tetrafluoroborate counter ions in a side on manner, this time along the 
crystallographic b-axis. The average octahedral distortion parameters and Fe-N bond lengths 
(Table 5.1) for the four Fe(II) coordination environments present in the asymmetric unit are 
indicative of two [HS-HS] spin isomers, confirming the conclusions of the magnetic 
susceptibility study. When the sample is heated to 350 K, almost all of the acetonitrile solvent 
molecules are lost (as seen in TGA measurements reported previously),58 resulting in a material 
that is either partially or totally void of lattice solvent, which in this case, prevents the HS→ 
LS transition, stabilising the [LS-HS] state. 
 
 
 
 
 
 
 
 
 
Figure 5.3. A schematic representation of the crystal packing and hydrogen-bonding interactions of 2 from single-
crystal X-ray diffraction experiments. a) Projection down the crystallographic b-axis and b) down the c-axis. 
Solvent molecules have been excluded for clarity. Hydrogen-bonds are represented by thickened blue dotted lines. 
177 
 
As previously explored in our recent work,58 3 crystallises in the triclinic space group P  at 
100 K, with hydrogen bonding interactions between imidazole N-H and tetrafluoroborate 
anions connecting helicates end to end along the crystallographic c-axis (Figure 5.4). Two 
acetonitrile solvent molecules of crystallisation are present in the unit cell but do not participate 
in any intermolecular interactions. The ∑ and coordinate bond distances (Table 5.1) suggest 
that one HS and one mixed HS/LS populated Fe(II) centre are present. 
Alternatively, at 165 K compound 3 crystallises in monoclinic symmetry, in the space group 
C2/c. The helicates pack in the same manner as described for the 100 K structure above, with 
BF4
- anions participating in hydrogen-bonding with each of the six helicate imidazole moieties, 
forming lengthwise intermolecular contacts between adjacent helicates along the 
crystallographic c-axis. The 298 K single-crystal experiment of 3 also found the single-crystals 
to be of C2/c symmetry. The degree of octahedral distortion was 87.81⁰ and the average Fe-N 
distance was 2.20 Å, which in combination with magnetic measurements suggest the Fe(II) 
centres are in the [HS-HS] state at 298 K.  
In the solvated samples of 1 and 2, a more complete, two-step spin-transition occurs from the 
[HS-HS] state to the [LS-LS] state. Such a two-step nature in the spin-transition profile often 
suggests a phase change in the solid material, as was shown to be the case with single crystal 
diffraction.  The loss of solvent molecules from the lattice seems to destabilise the [LS-LS] 
state, irreversibly trapping the material in a state of either [LS-HS] helicates or a 50:50 mixture 
of [HS-HS] and [LS-LS] compounds. 
The cooperative transfer of distortion of the coordination sphere may be hindered by the loss 
of acetonitrile molecules, suggesting that the solvent plays an integral part in forming the 
supramolecular network of intermolecular interactions that allow the two SCO centres to 
deform cooperatively upon spin transition from HS↔LS. Fumanal and co-workers similarly 
found that solvent-solvent interactions stabilised the LS-state in a solvated sample.20 
Furthermore, the solvent loss is affecting the number of steps in the transition, the result of 
phase changes at temperatures around the T1/2 value of 1-3.  
As opposed to compounds 1 and 2, in which the abruptness and extent of transition was altered, 
the loss of acetonitrile from the lattice of 3 actually induces an incomplete spin transition, while 
the solvated sample only presented a gradual and linear change in χMT with temperature, rather 
than the typical sigmoidal shape indicative of SCO systems. The desolvation of 3 therefore acts 
as a form of ‘on-switch’ for spin crossover in this compound. The point at which the steadily 
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decreasing χMT value measured for 3 begins to sharply increase its rate of change, takes place 
at around 130 K, and may correspond to a phase change in the crystal lattice of 3 occurring 
between the 100 and 165 K structures. 
 
Figure 5.4. Schematic representation of the crystal packing arrangement of 3, demonstrating the network of 
hydrogen-bonding interactions that connect the helicates lengthwise along the crystallographic c-axis. 
For both 2 and 3, the intermediate temperature structures (at which point the Fe(II) HS fraction 
is approximately 50%) include a whole helicate structure in the asymmetric unit, with one 
Fe(II) centre in the HS state, and the other in either the LS or a mixed LS/HS state population. 
As such the form of the spin isomer at these temperatures may be assumed to be [LS-HS]. 
Alternatively, the 100 K structure of 1 exhibits a single Fe(II) centre in the asymmetric unit, 
possessing crystallographic parameters that suggest the metal centre has a mixed HS/LS state 
population at this temperature, and that the identity of the spin isomer at intermediate 
temperatures is a 50% mixture of [LS-LS] and [HS-HS] helicates.  
As the intermolecular interactions in question involve the coordinating terminal 4-imidazole 
donor moieties, that are directly coordinated to the Fe(II) centres, any strain transmitted 
throughout the lattice by changes in the octahedral coordination environment with SCO could 
have an influence on the adjacent structure linked by hydrogen bonding. These Intermolecular 
interactions between helicates in the crystal lattice may permit a more efficient transfer of the 
geometric distortions accompanying a spin transition (which for such helicate compounds is 
on the order of around Δ∑ = 25-35⁰ for the HS↔LS transition) between neighbouring helicates.  
As illustrated in Figure 5.5, another parameter that has been used in this study to understand 
the role of intermolecular interactions (hydrogen-bonding) and intramolecular ligand 
distortions in the SCO of these compounds, are the two angles θintermolecular and θintramolecular. In 
compounds 1-3, there are three angles connecting the three interior imine nitrogen donors and 
the Fe(II) centre, and another three connecting the exterior imidazole nitrogen donors and the 
Fe(II) centre. The interior angles represent intramolecular distortions, while the exterior angles 
represent intermolecular distortions. These three angles on the exterior and interior (ϕ) are each 
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individually subtracted from 90 and the absolute values are summed to give one distortion 
value for each (θintermolecular and θintramolecular in Table 5.2). In this manner, these parameters can 
be used to further document the effects of intermolecular interactions and intramolecular 
effects on the distortion of the SCO coordination sphere. 
Table 5.1. Selected crystallographic parameters for 1, 2 and 3.   
 1 2 3 
∑ 100 K 
Fe01—76.3 
298 K 
Fe01- 84.8 
Fe02 -84.9 
100 K 
Fe01—59.4 
Fe02—90.3 
155 K  
Fe01—60.4 
Fe02—92.7 
298 K 
Fe01 – 95.9  
Fe02 – 84.6 
Fe03 – 93.3 
Fe 04 – 79.7 
100 K 
Fe01—
77.2 
Fe02—
85.2 
165. 
Fe01-86.2 
 
298 K 
Fe01 - 87.5 
Average Fe(II)-N 
distance (Å) 
Fe01—2.13 Fe01—2.21 
Fe02 – 2.19 
Fe01—2.00 
Fe02—2.18 
Fe01-2.00 
Fe02-2.18 
Fe01 – 2.196 
Fe02 – 2.1835 
Fe03 – 2.19 
Fe 04 – 2.1565  
Fe01—
2.10 
Fe02—
2.18 
2.20 2.20 
Spin state of 
Fe(II)  
1 mixed HS/LS-
state population 
HS-HS LS-HS LS-HS HS-HS, HS-HS 1 HS, 1 
mixed 
HS/LS 
state 
population 
HS HS 
θintermolecular/ 
θintramolecular 100 
K 
Fe01-15.4/15.3 Fe01- 23.8/20.6 
Fe02 – 
18.6/16.4 
Fe01 – 
1.6/21.0 
Fe02 – 
6.1/23.9 
Fe01 – 
1.75/23.407 
Fe02 – 
6.731/26.834 
 
Fe01 – 8.7/25.9 
Fe02 – 5.8/23.9  
Fe03 – 2.5/27.6 
Fe 04 – 6.4/22.9 
Fe01 – 
19.6/11.1 
Fe02 – 
14.8/13.1 
Fe01 – 
20.2/10.4 
20.6/10.7 
Space group  C2/c 
P  P  P  
P21/n 
P  
C2/c C2/c 
Intermolecular 
interactions 
6 x N-H…BF4- 
F3BF…H-CH2C-
N 
No 
supramolecular 
network present  
4 x N-H…BF4- 
No 
supramolecular 
network present 
2 x N-
H…CH3CN 
4 x N-H…BF4- 
Forms chain 
side-ways 
2 x N-
H…CH3CN 
4 x N-H…BF4- 
Forms chain 
side-ways 
1 x N-H…FBF3  
4 x 2 x N-
H…CH3CN 
No connectivity 
between helicates 
6 x N-
H…BF4- 
Form 
length-
wise chain 
through 
BF4- H-
bonds 
6 x N-H…BF4- 
Form length-
wise chain 
through BF4- 
H-bonds 
6 x N-H…BF4- 
Form length-
wise chain 
through BF4- H-
bonds 
Number of 
intramolecular 
edge to face π 
interactions 
3 2 3 3 3 2 2 2 
Number of 
acetonitrile 
solvent molecules 
1.5 0.25 2 2 2 2 1.5 0.75 
C-X-C angle 
(where X = CH2, 
S or O) 
113.6 115.4 104.9 105.1 105.3 115.8 116.1 116.2 
Intrahelical-
separation (Å) 
11.72 11.72 11.78 11.77 11.83 11.62 11.734 11.72 
Note: the three 100 K structures have been presented previously.58 
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Table 5.2. Comparison of the internal (θintramolecular) and external (θintermolecular) distortions of the Fe(II) coordination 
environment in the different spin states of 1, 2 and 3.  
 
compound Spin-
state 
θintermolecular Δ 
θintermolecular 
θintramolecular Δ 
θintramolecular 
1 Mixed 
HS/LS-
state 
population 
HS 
15.439 
 
 
 
 
23.786 
8.347 15.252 
 
 
 
 
20.61 
5.418 
2 LS 
HS 
1.57 
6.124 
4.554 21.047 
23.894 
2.847 
3 Mixed 
HS/LS-
state 
population 
HS 
19.55 
 
 
 
 
14.75 
4.8 11.05 
 
 
 
 
13.129 
2.079 
 
 
 
 
 
 
Figure 5.5. Schematic representation of the two geometric parameters θintermolecular and θintramolecular discussed in the 
text. 
θintermolecular = ∑|𝜑𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 − 90| 
θint ramolecular = ∑|𝜑𝑖𝑛𝑡 𝑟𝑎 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 − 90| 
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In all three compounds, differences between the exterior distortions (Δ θintermolecular) of 
the HS and LS Fe(II) centres are consistently more severe than those of the interior 
distortions (Δ θintramolecular). In other words, the largest geometric difference between the 
two centres of opposite spin is at the exterior of the helicate, indicating that 
intermolecular interactions may indeed have an important role to play in 
accommodating the distortions required to reach the [LS-LS] state, and subsequently 
the loss of those involving solvent molecules upon desolvation may hinder the 
possibility of these necessary molecular rearrangements, as observed in the stabilisation 
of the intermediate state upon desolvation. 
The role of these Intermolecular interactions can be visualized utilising Hirshfeld surfaces.60,62 
Any electron density within the isosurface predominantly consists of the contribution of the of 
the considered molecule, while that outside the surface is dominated by the remainder of the 
crystal lattice. The parameter dnorm is useful in visualising significant intermolecular 
interactions, and is composed of two parameters that describe the distance an atom is from the 
isosurface, di, if the atom is inside the surface, and de if the atom is outside.
63 The parameter 
dnorm returns a zero value when the sum of di and de equates to the sum of the van der Waals 
radii of the atoms in question. Strong intermolecular interactions are represented as red areas 
on the Hirschfield surface, and signify regions in which the value of dnorm is negative, i.e the 
sum of di and de is less than the sum of the van der Waals radii. 
The Hirshfeld plots in Figure 5.6 are calculated for 2 at 100 K using the program Crystal 
Explorer.64 The Hirshfeld surface of 2 displays red regions of the isosurface representing the 
hydrogen-bonding at the imidazole N-H donor site between acetonitrile solvent molecules and 
BF4
- anion donors. When the isosurface of each compound is analysed in the crystal packing 
of 2 (Figure 5.7), it can be observed that the anions and solvent molecules form a network of 
hydrogen-bonding along this row of helicates, connecting the terminal imidazole groups, and 
hence the Fe(II) centres. The helicates orientate themselves in the lattice so as to offset the 
regions of strongest intermolecular interactions relative to their neighbouring molecules.  These 
surfaces demonstrate the role of such interactions in linking adjacent helicates and as a result, 
loss of the solvent molecules of crystallisation may hinder the ability of the lattice to transfer 
geometric distortions effectively, destabilising the LS-state in the desolvated samples. 
This phenomenon could also explain the loss of the two-step process in 1 and 2.  The loss of 
cooperative intermolecular transfer of molecular distortion may prevent the changes required 
for a phase change in the material, necessary in this case to access the [LS-LS] state. 
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Figure 5.6. Hirshfeld surface of 2 at 100 K, showing the strongest intermolecular contacts in red, located at the 
three external imidazole N-H groups of each end of the helicate, demonstrating the interactions of helicate, solvent 
and counterion.   
 
 
a) 
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Figure 5.7. Hirshfeld surface within the crystal lattice of 2, highlighting the interactions of helicate, solvent and 
counter ion that connect adjacent helicates along the crystallographic a-axis. Adjacent helicates can be seen to 
pack so as to offset regions with strong intermolecular interactions. The strongest intermolecular contacts are 
denoted by surface regions shown in red. (a) reveals two rows of helicates with no isosurface for clarity, while 
(b) depicts these surfaces.  
Hannon and co-workers conducted a study on a complex using the same architecture as 1, 
studying multiple counter ions PF6
-, BF4
- and ClO4
-.61 The [Fe2(L)3[PF6]4 structure they 
obtained displayed a gradual single-step transition such as those of the fully desolvated samples 
in our previous study, and those in the partially desolvated samples in this study. A later study 
by Gütlich and co-workers further explored the ClO4
- salt of this compound, presenting an 
excellent analysis of the magnetic and Mössbauer spectra.65  
Interestingly, Gütlich and co-workers found a two-step spin-transition, where the average 
transition temperature of around 180 K corresponded to the T1/2 of the gradual spin-transition 
presented by Hannon. The data presented by Gütlich and co-workers was cycled between 300-
1.8 K, while that of Hannon and co-workers was cycled between 340-1.8 K, with acetonitrile 
being the solvent of crystallisation in each case. Heating to 300 K would not be enough for 
significant loss of solvent of crystallisation, whereas heating to 340 K would be sufficient, as 
is demonstrated by our DSC-TGA analysis.58 In other words, it appears the sample of Hannon 
and co-workers may have desolvated, while that of Gütlich remained solvated to a greater 
extent. In this current study of a BF4
- polymorph of those compounds studied above, 1, and two 
similar helicates differing by the steric nature of the ligand L, 2 and 3, we found that both 1 
a) 
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and 2 behaved in a similar manner to that described by Hannon and Gütlich in combination. 
That is, when the helicate samples are completely solvated, they possess a gradual two-step 
spin-crossover, while conversely, when the sample is heated and desolvated, the material 
exhibits a gradual single-step transition where the average T1/2 of the two-step transition is very 
close to the T1/2 of the single-step transition present in the desolvated sample.  
The change in the octahedral distortion (∑) between LS and HS centres in these helicates ranges 
from 35-40⁰, when considered over two Fe(II) centres in the one compound, this places quite 
a significant strain on each semi-rigid structure. The overlap figure below (Figure 5.8) shows 
3 at 100 and 298 K, clearly demonstrates the significant change in helicate architecture between 
the [HS-HS] and [LS-HS] structures, which may help to rationalise the incomplete spin 
transition observed. The vast majority of dinuclear triple helicates presented in the literature 
have exhibited such incompleteness, and to the best of our knowledge only the systems of 
Kruger and coworkers53 and Li et al.66 demonstrate a full transition of the two Fe(II) sites of 
the dinuclear triple helicate architecture. 
The distortion required of two spin-centres in such dinuclear triple helicates makes a complete 
[HS-HS] ↔ [LS-LS] transition difficult to achieve; these compounds may be trapped in the 
[LS-HS] state by intramolecular steric constraints. Although, the presence of solvent molecules 
induces a phase change in compounds 1 and 2, resulting in a two-step spin-transition that 
accesses the [LS-LS] state. The first SCO event corresponds to a stabilised [LS-HS] state or 
50-50 mixture of [LS-LS] and [HS-HS], and, as a result, the second transition occurs at a 
different temperature.67.68 Therefore, intermolecular interactions mediated by solvent 
molecules clearly influence the ability of these helicates to distort at the second Fe(II) centre, 
and for the crystal lattice to permit sufficient change to cause a phase change. 
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Figure 5.8. Schematic showing the overlapping representations of 3 at 100 K (purple) and 298 K (orange), 
illustrating the severity of distortion occurring between the [LS-HS] and [HS-HS] spin-isomers. (a) focuses on 
the change in the internal ring sections of the helicate ligands, (b) the external imidazoleimine groups, and (c) 
shows the overall change in conformation. 
5.3 Materials and Methods 
All reagents and solvents were purchased from commercial sources, with no further 
purification being undertaken. The compounds 1-3 were prepared using the reported method.58 
5.3.1 X-ray Crystallography 
The X-ray crystallography experiments were performed at the Australian Synchrotron, using 
silicon double crystal monochromated radiation69,70 or using a Bruker kappa-II CCD 
diffractometer, employing an IµS Incoatec Microfocus Source with Mo-Kα radiation (λ = 
0.710723 Å). Data integration and reduction was undertaken with XDS71 for synchrotron data 
and with CrysAlisPro72 for the home source instrument. An empirical absorption correction 
was then applied using SADABS at the Australian Synchrotron.73 The structures were solved 
by direct methods and the full-matrix least-squares refinements were carried out using a suite 
of SHELX programs74,75 via the OLEX2 graphical interface.76 Non-hydrogen atoms were 
refined anisotropically. Carbon-bound hydrogen atoms were included in idealised positions 
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and refined using a riding model. The crystallographic data in CIF format has been deposited 
at the Cambridge Crystallographic Data Centre with CCDC 1844792-1844796. It is available 
free of charge from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge 
CB2 1 EZ, UK; fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk. Specific 
refinement details and crystallographic data for each structure are present above and in 
the supporting information.  
5.3.2 Magnetic Susceptibility Measurements 
Samples of crystalline material were measured under two conditions. First, the solvated sample 
in and was sealed plastic tube, with the temperature only reaching a maximum of 300 K to 
ensure as little solvent loss as possible during the experiment. Secondly, the solvated sample 
was placed in a normal (open) magnetic sample, and the temperature ramped to a maximum of 
350 K, allowing desolvation to occur. Data for magnetic susceptibility measurements were 
collected using a Quantum Design Versalab Measurement System (Quautum Design, San 
Diego, CA, USA) with a Vibrating Sample Magnetometer (VSM) attachment. Measurements 
were taken continuously under an applied field of 0.5 T, at a heating rate of 4 K·min−1.  
5.3.3 Hirshfeld Surfaces 
The hirshfeld isosurfaces were calculated using the program crystal explorer.64  
5.4 Conclusions 
For all three compounds investigated, the partial desolvation of the sample during measurement 
resulted not only in a decreased T1/2 but also a change in the number of steps in the spin-profile 
and the completeness of transition, moving from a two-step 70% complete profile when 
solvated, to a single-step half complete profile when desolvated. This was attributed to the 
solvent molecules of crystallisation providing interactions necessary for the crystal lattice to 
deform to cause a phase change, the origin of the two-step SCO in 1 and 2. 
These results demonstrate the impact of solvent molecules of crystallisation on the SCO in a 
series of dinuclear Fe(II) triple helicate systems and serves to further highlight the importance 
of sample preparation in magnetic susceptibility measurements.  
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5.6 Supporting Information 
Single-Crystal X-ray diffraction: 
 
Table S5.1. Crystal data and structure refinement for 1 at 298 K  
Identification code  FL249_a  
Empirical formula  C63.5H54.75B4F16Fe2N18.25  
Formula weight  1532.44  
Temperature/K  293(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.018(3)  
b/Å  14.202(3)  
c/Å  21.191(4)  
α/°  73.79(3)  
β/°  79.44(3)  
γ/°  77.23(3)  
Volume/Å3  3638.1(15)  
Z  2  
ρcalcg/cm3  1.399  
μ/mm-1  0.492  
F(000)  1559.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.018 to 50.7  
Index ranges  -15 ≤ h ≤ 15, -17 ≤ k ≤ 17, -25 ≤ l ≤ 25  
Reflections collected  44444  
Independent reflections  11798 [Rint = 0.0379, Rsigma = 0.0330]  
Data/restraints/parameters  11798/54/983  
Goodness-of-fit on F2  1.391  
Final R indexes [I>=2σ (I)]  R1 = 0.1023, wR2 = 0.3117  
Final R indexes [all data]  R1 = 0.1199, wR2 = 0.3313  
Largest diff. peak/hole / e Å-3  1.18/-1.03  
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Table S5.2. Crystal data and structure refinement for 2 at 155 K.  
Identification code  p-1_a  
Empirical formula  C64H54B3.25F16Fe2N20S3  
Formula weight  1650.28  
Temperature/K  293(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  9.4960(19)  
b/Å  16.709(3)  
c/Å  23.605(5)  
α/°  95.07(3)  
β/°  100.27(3)  
γ/°  92.96(3)  
Volume/Å3  3662.3(13)  
Z  2  
ρcalcg/cm3  1.497  
μ/mm-1  0.578  
F(000)  1676.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.452 to 52.744  
Index ranges  -11 ≤ h ≤ 11, -20 ≤ k ≤ 20, -29 ≤ l ≤ 29  
Reflections collected  46085  
Independent reflections  13672 [Rint = 0.0422, Rsigma = 0.0389]  
Data/restraints/parameters  13672/225/1062  
Goodness-of-fit on F2  1.633  
Final R indexes [I>=2σ (I)]  R1 = 0.1181, wR2 = 0.3633  
Final R indexes [all data]  R1 = 0.1377, wR2 = 0.3983  
Largest diff. peak/hole / e Å-3  1.50/-1.25  
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Table S5.3. Crystal data and structure refinement for 2 at 298 K.  
Identification code  FL203-298K_a  
Empirical formula  C62H50.25B3F12Fe2N19S3  
Formula weight  1529.77  
Temperature/K  298(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  17.071(3)  
b/Å  19.008(4)  
c/Å  46.699(9)  
α/°  90  
β/°  96.24(3)  
γ/°  90  
Volume/Å3  15063(5)  
Z  8  
ρcalcg/cm3  1.349  
μ/mm-1  0.549  
F(000)  6226.0  
Crystal size/mm3  0.02 × 0.01 × 0.01  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.316 to 49.416  
Index ranges  -18 ≤ h ≤ 18, -21 ≤ k ≤ 21, -45 ≤ l ≤ 45  
Reflections collected  129576  
Independent reflections  20734 [Rint = 0.1235, Rsigma = 0.0661]  
Data/restraints/parameters  20734/395/2071  
Goodness-of-fit on F2  2.094  
Final R indexes [I>=2σ (I)]  R1 = 0.1824, wR2 = 0.4941  
Final R indexes [all data]  R1 = 0.2183, wR2 = 0.5159  
Largest diff. peak/hole / e Å-3  1.39/-1.13  
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Table S5.4. Crystal data and structure refinement for 3 at 165 K.  
Identification code  Sandy_SC7FeBF4_165K_0ma_a  
Empirical formula  C33H28.5B2F8FeN10.5O1.75  
Formula weight  829.63  
Temperature/K  165.33  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  20.1563(9)  
b/Å  19.1852(9)  
c/Å  20.8639(8)  
α/°  90  
β/°  107.515(4)  
γ/°  90  
Volume/Å3  7694.1(6)  
Z  8  
ρcalcg/cm3  1.432  
μ/mm-1  0.476  
F(000)  3376.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3 to 54.34  
Index ranges  -25 ≤ h ≤ 25, -24 ≤ k ≤ 24, -26 ≤ l ≤ 26  
Reflections collected  205242  
Independent reflections  8535 [Rint = 0.1033, Rsigma = 0.0389]  
Data/restraints/parameters  8535/24/530  
Goodness-of-fit on F2  1.075  
Final R indexes [I>=2σ (I)]  R1 = 0.0574, wR2 = 0.1593  
Final R indexes [all data]  R1 = 0.0978, wR2 = 0.1935  
Largest diff. peak/hole / e Å-3  1.15/-0.48  
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Table S5.5. Crystal data and structure refinement for 3 at 298 K.  
Identification code  FL204-298K_a  
Empirical formula  C63H52.5B4F16Fe2N19.5O3  
Formula weight  1589.68  
Temperature/K  293(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  20.420(4)  
b/Å  19.394(4)  
c/Å  20.836(4)  
α/°  90  
β/°  107.68(3)  
γ/°  90  
Volume/Å3  7862(3)  
Z  4  
ρcalcg/cm3  1.343  
μ/mm-1  0.461  
F(000)  3228.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.966 to 46.494  
Index ranges  -20 ≤ h ≤ 20, -19 ≤ k ≤ 19, -20 ≤ l ≤ 20  
Reflections collected  33555  
Independent reflections  4808 [Rint = 0.0735, Rsigma = 0.0385]  
Data/restraints/parameters  4808/0/506  
Goodness-of-fit on F2  1.069  
Final R indexes [I>=2σ (I)]  R1 = 0.0805, wR2 = 0.2432  
Final R indexes [all data]  R1 = 0.1043, wR2 = 0.2644  
Largest diff. peak/hole / e Å-3  1.03/-0.57  
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Chapter Six - Supramolecular Tuning of Spin-Cross Over In a series of 
Fe(II) Dinuclear Triple Helicates Utilising Hydrogen-bond Strength and 
Steric Crowding 
 
6.1 Abstract  
A trend between the hydrogen-bond strength and T1/2, as well as between the degree of steric 
congestion of the Fe(II) coordination environment and the extent of the spin transition has been 
observed in a series of I-, Br- and Cl- salts of a dincuclear triple helicate of the form [Fe2L3]X4 
(where X = I-, Br- and Cl-). Hydrogen-bonding was present at the 4-position N-H of the external 
4-imidazole donor moiety. As hydrogen-bond strength increased the T1/2 values decreased, 
while greater steric congestion favoured the HS-state. As a result, the Cl- salt did not undergo 
SCO, Br- underwent a half-transition and I- possessed a full SCO from the [HS-HS] to [LS-LS] 
state. An interesting two-step transition was observed in the Br- salt, showing the largest 
thermal hysteresis reported to date for a Fe(II) dinuclear triple helicate.  
6.2 Introduction 
Spin crossover materials continue to generate research interest from both fundamental and 
applied disciplines. Understanding and manipulating the nature of solid state spin-transitions 
could lead to potential applications of SCO in data storage, molecular electronics, sensors and 
molecular switches. Abrupt thermal hystereses occur in solid-state materials that are highly 
cooperative. This refers to the SCO event in one molecule being efficiently communicated to 
adjacent compounds, either covalently1,2 or via intermolecular interactions.3,4 A range of two-
step spin-transitions have been reported. Two-step transition profiles with hysteresis in both 
steps have been reported by Halcrow et al. (6 and 18 K wide hysteresis loops),5 Bao and tong 
et al. (5 and 10 K wide hysteresis)6, Reedjik et al. (4 and 22 K hysteresis)7 and Tuchagues et 
al. (3 and 8 K hysteresis).8 on the other hand, asymmetric two-step transitions with a thermal 
hysteresis in only one step have been presented by Tuchagues and Collet et al. (6 K wide 
hysteresis)9 and Romero et al. (21 K thermal hysteresis).10  
A great deal of effort has been made to develop design strategies that can reliably ‘tune’ either 
the ligand field strength or the cooperativity in spin crossover materials. Permanent alteration 
of the coordination donor moiety with electron donating or withdrawing groups11–13 can be 
utilised to manipulate the ligand field. Further, the addition of hydrogen-bond donors or 
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acceptors towards the interior14 or the periphery10,11,15–18 of discrete SCO compounds has been 
shown to influence both the ligand field strength and the cooperativity.15,19–23 The influence of 
hydrogen-bonding directly to the coordinating donor moiety, has shown that intermolecular 
interactions can be harnessed to vary the ligand field strength in a supramolecular manner. As 
a result, the ligand field can be more reversibly altered than with permanent chemical 
modification.14,16–18,24,25 A better understanding of how particular intermolecular interactions 
can influence the solid-state SCO, may potentially afford more control over the nature of spin-
transitions in future studies.  
The halide anions serve as an interesting series to study in this regard. As the anionic radius of 
the halides increases down the periodic table, their electronegativity, and hence hydrogen-bond 
acceptor strength, decreases.26 In such a manner, the halides may be implemented to 
systematically investigate the role of hydrogen-bond strength on the nature of SCO. In 
previously reported triple helicates of the [M2L3] architype, the 4-imidazoleimine donor group 
provides hydrogen-bond acceptors towards the periphery that can promote hydrogen-bonding 
throughout the lattice.27–30  
Furthermore, in regards to the Fe(II) dinuclear triple helicate architecture, only two compounds 
have been reported with a full SCO at both Fe(II) sites of the complex.31,32 Such compounds 
are instead more commonly found to exhibit ‘half’-transitions, with either the [LS-HS] 
intermediate or a 50/50 mixture of [LS-LS/[HS-HS] stabilised at low temperatures.27–30 
Dinuclear SCO structures that include semi-rigid bridging ligands have often demonstrated 
incomplete SCO and stabilisation of the [LS-HS] state. Previously, this has been explained to 
be a consequence of intramolecular steric restrictions of the semi-rigid ligands employed; the 
ability to distort at both SCO centres of the complex is restricited.33–35 In regards to the potential 
of these materials in real world devices, a full spin-transition has greater application. 
Understanding the mechanism that dictates half or full spin-transitions in dinuclear triple 
helicate SCO materials would greatly inform their design and application in future devices.    
Herein, we report the observed trend in halide anion substitution on the hydrogen-bonding 
interactions, and subsequently the T1/2 of SCO in a series of Fe(II) dinuclear triple helicates of 
the form [Fe2L3]X4, where X
- = I- (1), Br- (2) or Cl- (3) and L is the bisbidentate ligand shown 
in Figure 6.1. Furthermore, various crystallographic parameters and packing arrangements of 
1-3 are compared in an attempt to identify the origin of the full (1), half (2) and non-existent 
(3) spin-transitions. A more extensive structural and magnetic examination of 3 is presented in 
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an attempt to explain the interesting two-step asymmetric SCO with an abrupt 28 K thermal 
hysteresis in the second step, the largest thermal hysteresis reported so far for a dinuclear triple 
helicate Fe(II) compound.    
6.3 Results and Discussion 
6.3.1 Synthesis 
The synthesis of L has been previously reported by our laboratory.30 Complexes 1-3 were 
synthesised in an analogous manner. A 3:2 ratio of L : FeX2 was stirred with heating to 90⁰C 
in methanolic solution. The orange/red solution was then filtered and subsequently subjected 
to vapour diffusion of diethyl ether to yield suitable crystals for the analysis described herein 
and in the supporting information. 
 
 
 
Figure 6.1. Diagram of the ligand L implemented in this study and the reaction to form the [Fe2L3]X4 architecture, 
where X = I-, Br- or Cl-.   
6.3.2 Magneto-Structural Correlations 
Magnetic susceptibility experiments indicate that 1 experiences a single-step thermally induced 
SCO in a [HS-HS] ↔ [LS-LS] transition, T1/2 210 K, at which point the sample is essentially 
diamagnetic, with a small residual HS fraction remaining. Successive thermal cycling results 
in partial desolvation (Figure S6.1 and Figure S6.8) and a small increase in the residual HS 
fraction remaining at lower temperatures (Figure 6.2 and Figure S6.1). Single-crystal analysis 
at 100 K confirms the presence of the [LS-LS] spin-isomer at these temperatures (Table 1). 
Iodide counterions mediate the formation of supramolecular chains along the [2,0,1] plane 
through I-…H-N hydrogen-bonding with the distal uncoordinated nitrogen of the 2,4-imidazole 
moiety (Figure 6.3).  
2eq(FeX2) 
3 eq 
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Figure 6.2. Magnetic susceptibility χmT vs T for compounds 1-3, demonstrating the effect of halide anion 
substitution on the SCO profile. Black squares depict the magnetic susceptibility of the I- (1) salt, blue circles and 
red triangles the cooling and heating modes of the Br- salt (2) respectively, and pink triangles the Cl- salt (3).  
 
 
Figure 6.3. Schematic representation of the crystal packing in 1, indicating the manner with which I- counter ions 
link adjacent helicates lengthwise along the [2,0,1] plane. Solvent and counter ions have been excluded for clarity. 
Fe(II) and I- ions are shown in a space filling representation.  
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Table 6.1. Variable temperature crystallographic parameters of the compounds 1-3.  
 1 2 3 
Temperature 
(K) 
100  270 100  
 
190  220 250 100  250 K 
∑ (⁰) Fe01 – 63.31 
Fe02 – 57.32 
Fe01- 83.26 
Fe02 – 81.81 
Fe01 –  
89.06 
89.16 88.38 90.41 Fe01 – 
81.93 
Fe02 – 
85.74 
Fe01- 
85.45 
Fe02 – 
80.42 
Average 
Fe(II)-N 
distance (Å) 
Fe01 – 1.99 
Fe02 – 1.99 
Fe01 – 2.19 
Fe02 – 2.17 
Fe01 – 2.20 2.20 2.21 2.23 Fe01 – 
2.19 
Fe02 – 
2.18 
Fe01- 
2.20 
Fe02 – 
2.16 
Spin state of 
Fe(II)  
[LS-LS] [HS-HS] HS HS HS HS [HS-HS] [HS-HS] 
Space group  P1 P1 C2/c C2/c C2/c C2/c P21/n P21/n 
Intermolecula
r interactions 
2 x 
MeOH…HN 
4 x I-…H-N 
Supramolecul
ar Chain along 
the [2,0,1] 
plane 
mediated by I-
…H-N H-
bonding  
1 x 
MeOH…HN 
4 x I-…H-N 
Supramolecul
ar Chain along 
the [2,0,1] 
plane 
mediated by I-
…H-N H-
bonding 
4 x 
MeOH…HN 
2 x Br-…H-N 
O…H-C 
(imidazole) 
Imidzaole 
Edge-to-face 
π-π  
Benzene face-
to-face π-π 
3D 
supramolecul
ar network of 
π-interactions 
‘’ ‘’ ‘’ 2 x 
H2O…H
N 
4 x Cl-
…H-N 
O…H-
Cimidazole 
non-
classical 
hydrogen
-bonding 
2 x 
H2O…H
N 
4 x Cl-
…H-N 
O…H-
Cimidazole 
non-
classical 
hydrogen
-bonding 
Number of 
intramolecula
r π 
interactions 
2 2 2 edge-face 
2face-face 
  
 
‘’ ‘’ ‘’ 2 ‘’ 
Solvent 
molecules 
4 x MeOH - 4 x MeOH 3 x 
MeO
H 
3 x 
MeO
H 
1.5 x 
MeO
H 
6 H2O 2 H2O 
C-X-C angle 
(where X = 
CH2, S or O) 
(⁰) 
116.33 117.85 116.58 116.8
5 
117.0
1 
116.7
5 
115.78 116.20 
Intrahelical-
separation 
(Å) 
11.34 11.56 11.50 11.53 11.58 11.71 11.60 11.57 
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Compound 2 exhibited a two-step, solvent dependent, spin-transition with a thermal hysteresis 
of 28 K in the higher temperature step (Figure 6.2 and Figure S6.2). At 250 K a χmT of 6.77 
cm3K-1mol-1 is indicative of two HS Fe(II) centres, the [HS-HS] spin-isomer present. Upon 
cooling, the susceptibility drops rapidly between 200-165 K to 4.46 cm3K-1mol-1, with a T1/2 of 
191 K, indicative of cooperative SCO in 35% of Fe(II) centres. The proceeding SCO event 
involves 15% of the HS Fe(II) centres and takes place over a large temperature range of around 
120 K, which in essence, is a non-cooperative process with a T1/2 of 110 K, the χmT following 
a Boltzmann distribution. The magnetic susceptibility plateaus at 40 K, corresponding to a 50% 
transition to the LS 1A1 state, stabilising the [LS-HS] configuration, before dropping radically 
to 2.65 cm3K-1mol-1 at 10 K, stereotypical of zero field splitting. The heating mode shows an 
identical first step, before the second step begins to rise abruptly at 205 K (T1/2 of 219 K), in 
contrast to the cooling cycle, where the onset is around 170 K. The higher temperature SCO 
event in both the heating and cooling modes occur over a 30 K temperature range, a relatively 
abrupt spin-transition for dinuclear triple helicate architectures. Upon successive thermal 
cycles, solvent loss (MeOH – see Figure S6.2 and Figure S6.9) at higher temperatures results 
in an elevated level of residual HS fraction, stabilising the [HS-HS] state. The onset 
temperatures of the thermal hysteresis in both directions remain the same, while a less dramatic 
change in the magnetic susceptibility is observed over this range.   
Similar two-step transitions in which only one step possesses a thermal hysteresis, have been 
presented by Romero et al. and Tuchagues et al. with hysteresis widths of 21 K and 6 K 
respectively in the lower temperature step of the transition profile.9,10 Conversely, the 
hysteresis present in compound 2 is found in the higher temperature transition. To the best of 
our knowledge, the only dincuclear triple helicate structure to previously possess a hysteretic 
spin transition is that of Kruger et al,31 in which case the SCO was asymmetric with successive 
thermal cycling, single-step in the cooling mode and two-step in the heating mode. The 
Hysteresis was 19 K wide. As such, to the best of our knowledge the hysteresis presented in 2 
is the largest thermal hysteresis presented for a solid state dinuclear triple helicate Fe(II) 
material.  
The cooperative nature of the second spin-transition may be explained by an extensive three-
dimensional network of π-π and hydrogen-bonding interactions evident in single-crystal 
analysis. Central benzene face-to-face, exterior imidazole edge-to-face π-interactions (3.387 
and 2.891 Å respectively) as well as non-classical O…H-C-Nimidazole hydrogen-bonding (2.349 
Å) provide each helicate with intermolecular contacts to three neighbouring molecules, 
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forming a three-dimensional supramolecular network (Figure 6.4 and Figure 6.5). The 
intermolecular contacts occur at a variety of sections of the helicate architecture, face-to-face 
interactions along the length of the structure, edge-to-face interactions towards the periphery 
and non-classical hydrogen-bonding at the centre of helicate structure. In this manner, the array 
of intermolecular interactions cover the majority of chemical groups of the complex, and may 
potentially provide the material with a cooperative transfer of molecular distortion associated 
with SCO at the Fe(II) centres (for which Δ∑ can be on the order of 25-35⁰),30 resulting in an 
abrupt SCO with thermal hysteresis.  
On the other hand, the chloride salt (3) remains in the paramagnetic [HS-HS] state, with weak 
antiferromagnetic interactions causing an extremely gradual decrease in the magnetic 
susceptibility until 30 K, at which point zero-field splitting is observed, with a χmT of 4.58 
cm3K-1mol-1 at 10 K (Figure 6.2 and Figure S6.3).  
Upon observation of Figure 6.2, in which the magnetic susceptibilities of 1-3 are overlayed, a 
trend emerges along the halide series of the dincuclear triple helicates in question. As the anion 
size increases, so too does the T1/2 value and the degree of completion of the spin-transition. In 
each crystal structure (Table 6.1), the external non-coordinating imidazole N-H hydrogen-bond 
donor engages in hydrogen-bonding interactions with the relevant halide anoin (X-). As the 
electronegativity decreases with the increasing size of X-, so too does the hydrogen-bond 
distance and strength (Table 6.2).26 Hirshfeld surfaces in Figure 6.6, calculated using the 
CrystalExplorer program,36 further illustrate the stronger hydrogen-bond contacts with 
decreased anion size, as indicated by the more prominent red regions of the isosurface. One 
potential implication of these interactions at the donor moiety of the helicate architecture may 
be a redistribution of the electron density, consequently changing the strength of the ligand 
feild.23 In a study that revealed a similar trend in a series of halide salts of the form 
[Fe(trim)2]X2,
37 Tuchagues et al. proposed that the inductive effect of the counter ion may be 
transferred to the donor nitrogen atoms through hydrogen-bonding at the imidazole ring.  
Consequently, the charge density of the hydrogen-bonded anion can influence the basicity of 
the of the donor nitrogen atoms. Therefore, stronger hydrogen-bonding may potentially 
diminish the electron density onto the donor nitrogen lone pair and throughout the imidazole 
ring, reducing the strength of the Fe-N coordinate bond. As multiple imidazole groups (between 
one and four external donor moieties) experience this effect, the ligand field is diminished and 
the HS state is stabilised, reducing the T1/2.
37    
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Figure 6.4. Schematic representations of the crystal packing of 2 obatined from single-crystal X-ray diffraction. 
a) Adjacent helicates are linked by a variety of intermolecular edge-to-edge, edge-to-face π-π and O…H-Cimidazole 
interactions forming a 3D supramoleuclar network. b) highlighting face-to-face π-π inerations. Intermoelcular 
contacts are represented as blue cut lines. Solvent and counter ions have been excluded for clarity. 
a) 
b) 
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Figure 6.5. Hirshfeld surface of 2, generated using crystal explorer,36 demonstrating the O…H-Cimidazole non-
classical hydrogen-bonding between the central oxygen of L and the carbon bound imidazole hydrogen.  
A stronger ligand field usually results in higher T1/2 values, due to greater energetic separation 
of the HS and LS states (as a reference, see the results of a similar helicate architecture using 
the 4-thioimidazole donor moiety with a much higher T1/2).
34 In this case, it seems the stronger 
hydrogen-bonding may lead to a decreased ligand field. This is evidenced by the trend in the 
magnetic susceptibility results, whereby 3 demonstrates no SCO and remains paramagnetic, 2 
displayed a 50% transition (remaining in the [LS-HS] state) with a T1/2 lower than 3, which in 
turn presented an almost full SCO at two Fe(II) centres of the helicate with the highest T1/2 
value of the three compounds. In other words, the identity of the halide, or more importantly 
its hydrogen-bond acceptor strength, may ‘tune’ the critical temperature of the spin-transition 
in this series.  
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The crystal density was also found to increase with increasing anion size (Table 6.2). The many 
short intermolecular contacts accompanying higher packing densities have been proposed to 
impede the conformational rearrangements necessary during a change in spin-state.38,39 The 
results of this study follow the opposite trend, whereby higher crystal densities correspond to 
lower T1/2 values (Table 6.2); that is, crystal density decreases from 1-3. Furthermore, the 
closest intermolecular Fe…Fe distance throughout the crystal lattice increases from 1-3, in the 
opposite direction to crystal density. Therefore, while the crystal is more dense in terms of 
mass on volume, adjacent helicates are more tightly packed in 3, than in 2 or 1. As a result, 
crystal density is less likely to be a major factor in the T1/2 trend observed in these three 
compounds.   
Table 6.2. Various crystallographic values as a function of anionic radius. 
 1   2  3  
Temperature 
(K) 
100 100 100 
X…N-H 
distance (Å) 
3.53 3.30 3.08 
Crystal 
density 
(g/cm3)  
1.798 1.560 1.399 
Intrahelical 
Fe…Fe 
separation 
(Å) 
11.34 11.50 11.50 
Closest 
interhelical 
Fe…Fe 
separation 
(Å) 
8.66 8.09 7.62 
r(X-)a 201.5 178.8 163.5 
   aValues in pm.60 
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Figure 6.6. Calculated Hirshfeld surfaces for the cationic units of 1 (left), 2 (middle) and 3 (right) at 100 K with 
the strongest intermolecular contacts in red. The 2D fingerprint maps of 1, 2 and 3 are also shown, displaying the 
distances (di/de couple) and identity of the strongest interactions within the crystal lattice. The increase in the 
strength of the X-…H-N interactions with decreasing halide size is apparent from left to right by darkening of the 
red region at the X-…H-N contact. Points on the fingerprint plot with no contribution to the map are coloured 
white, while those that do contribute are coloured blue and light blue with increasing contribution.  
 
Another interesting point of contrast between 1, 2 and 3 was the completeness of SCO; in that 
1 experiences a full SCO at both Fe(II) centres, 2 experiences a half-transition while 3 
experienced no SCO. Understanding the mechanism of this difference would be quite 
informative in the design of dinuclear triple helicate SCO compounds. As demonstrated by a 
range of other compounds utilising the FeN6 coordination environment formed by the 
imidazoleiminie donor moiety, this coordination sphere commonly manifests in a spin-
transition in an Fe(II) centre.27,28,30,40–42 The distal Imidazoleimine coordination environment 
experiences the most severe distortion of the dinuclear triple helicate architecture during SCO; 
usually Δ∑ is between 25-40⁰. Results from Table 6.2 that show the closest Fe…Fe 
Increasing hydrogen-bond 
strength 
X- 
O-
H 
X- 
X- 
O-
H 
O-
H 
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intermolecular distances are present in 3, 2 and then 1, suggest that the cause of the different 
completeness values may again be intermolecular. Moreover, the HS-state structural 
parameters presented in Table 1 do not show great structural variation between the compounds 
(for example see ∑ and intermolecular interactions). As a consequence, the crystal packing was 
analysed to understand any outstanding differences that could stabilise the [HS-HS] state in 3, 
the [LS-HS] state in 2 and the [LS-LS] state in 1 at low temperatures. It was found that the 
enthalpy favoured electronic transition from HS→LS at low temperatures may be hindered by 
the steric crowding of the Fe(II) coordination sphere. Inhibition of SCO by intermolecular 
steric congestion from neighbouring molecules has been demonstrated in Fe(II) tren podand 
complexes,43,44 [Fe(NCS)2(dppa)] compounds
45,46 and [Fe(pic)3]
2+ salts.47 It has been 
previously shown that steric crowding of the coordinating donor groups often stabilises the 
larger HS-state complex.48–52     
Analysis of the three-dimensional crystal packing arrangement in 3 may provide one 
mechanism by which the compound remains HS—steric congestion. Adjacent helicates are 
brought into relatively close proximity by non-classical O…H-Cimidazole hydrogen-bonding 
(2.810 Å) and edge-to-face π-interactions (3.159 Å) between benzene and imidazole moieties 
of neighbouring helicates (Figure 6.7). In such a manner, the C-O-C central region of the triple 
helicate architecture in one molecule settles into the ‘groove’ formed by the two imidazole 
groups of the adjacent helicate, forming rows of undulating, tightly packed helicates along the 
crystallographic b-axis (Figure 6.7). In this way, the three regions of the helicates that undergo 
the greatest distortion with SCO, namely the two external imidazole coordination donor spheres 
and the central benzene region, are sterically hindered and tightly packed. As illustrated in 
Figure 6.8, in which the neighbouring helicates are depicted in a space-filling representation 
(atom size times the van der Waals radius is equal to one), the packing of helicates so closely, 
and more importantly, the steric congestion of the imidazole groups that constitute the Fe(II) 
coordination environment, may prevent the conformational distortions necessary upon SCO. 
As a result the helicates are ‘trapped’ in the [HS-HS] form by steric congestion. These close 
interactions occur on two sides of the molecule, with each helicate participating in the O- 
acceptor and N-H donor roles on opposing sides. Consequently, these interlocking interactions 
on either side of the helicate structure may lock the molecule in the HS conformation. 
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Figure 6.7. Crystal packing diagram of 3 illustrating how non-classical O…H-Cimidazole hydrogen-bonding 
interactions connect neighbouring helicates in very close proximity along the crystallographic b-axis. a) is 
orientated down the a-axis and b) is viewed down the c-axis.  
a) 
b) 
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Figure 6.8. Crystal packing diagram of 3 in a space-filling representation (van der Waals radius), demonstrating 
the nature in which close packing of the centre of one helicate architecture into the ‘groove’ formed by imidazole 
donor moieties of the adjacent helicates may cause steric congestion of the Fe(II) coordination sphere, preventing 
SCO at the commonly SCO active Fe(II)N6 metal centre. The red circle indicates the site of O…H-Cimidazole 
hydrogen-bonding interactions. Adjacent helicates are coloured orange and yellow for distinction and to clarify 
the [HS-HS] state is present at 100 K. Solvent and counter ions are excluded for clarity. The b-axis runs across 
the page in both a) and b).  
In a similar manner, crystal packing analysis of 2 shows close packing in rows along the 
crystallographic a-axis provides steric congestion of the central helicate region and the Fe(II) 
coordination environment. In this case, there is a mixture of two crowding ‘mechanisms’. The 
first is analogous to that described above for 3, where non-classical O…H-Cimidazole hydrogen-
Non-classical 
O…H-Cimidazole 
hydrogen-
bonding 
a) 
b) 
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bonding facilitates the central C-O-C region to ‘settle’ into the groove formed by the external 
imidazole groups. In the second mechanism, imidazole groups of adjacent helicates interlock 
so as to prevent effective distortion of the coordination sphere (Figure 6.9). Crucially, in 
contrast to the packing arrangement observed in 3, these closely packed rows along the a-axis 
in 2, pack one atop the other along the b-axis, in a manner that creates a larger degree of void 
space between helicates in adjacent rows (Figure 6.10). Packing in such a manner would be 
expected to make it difficult for molecules to undergo the necessary distortions for SCO, while 
still providing enough conformational freedom for one end of the molecule to undergo SCO. 
This may explain the half-transition ([HS-HS] ↔ [LS-HS]) observed in magnetic susceptibility 
experiments.  
 
 
 
Figure 6.9. Crystal packing diagram of 2 at 250 K depicting the van der Waals surface, illustrating the manner 
with which neighbouring helicates along the a-axis crowd one another’s Fe(II) coordination environment.  
Non-classical O…H-Cimidazole 
hydrogen-bonding 
Imidazole-imidazole 
interlocking 
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Figure 6.10. Schematic representation of the crystal packing arrangement in 2 at 250 K. The arrangement of a-
axis rows one-atop-the-other along the b-axis, provides sufficient void space to permit the conformational freedom 
necessary for SCO at a single Fe(II) centre of each helicate.   
In comparison, the crystal lattice of 1 does not experience such close steric interactions between 
neighbouring helicates. One side of each helicate does experience similar edge-to-face π-
interactions (2.935 Å) between a benzene and imidazole group of neighbouring helicates, while 
in contrast to 3, the opposite side of the molecule does not contain the same steric congestion; 
that is, the central oxygen of the helicate architecture does not settle in the groove of the 
external imidazole moieties. As a result, the Fe(II) coordination environment in 1 does not 
experience a great degree of steric crowding at both ends and may be far more capable of 
enduring a change in conformation required to reach the [LS-LS] state, as found to be the case 
in magnetic susceptibility measurements. 
The cause of greater separation between individual molecules in 1 may again be steric in nature. 
The major outstanding change in the asymmetric unit of 1 is the presence of a single triiodide 
anion. This bulky counter ion (MW = 380.712 gmol-1) is positioned in between the central 
regions of three neighbouring helicates, occupying a relatively large volume of the crystal 
lattice, effectively spacing the helicates throughout the lattice (Figure 6.11). Reduced steric 
Void space allowing 
some conformational 
freedom 
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crowding of the Fe(II) coordination sphere by the I3
- anion may influence the ability of the 
structure to distort with SCO at both Fe(II) sites of the dinuclear compound and more efficiently 
access the [LS-LS] state. Again, this is illustrated by van der Waals representation of the crystal 
packing arrangement in Figure 6.12. As mentioned earlier, several studies have provided 
structural, magnetic and computational evidence to suggest that steric crowding around the 
ligand donors in the HS crystal structure tends to result in the stabilisation of the HS-state.48,50–
52 In a similar way, the degree of steric crowding of the Fe(II) coordination environment may 
be an important factor in the total absence of SCO in 3 and the largely complete SCO in 1—
congestion of the coordination environment being extensive in the paramagnetic lattice, 
effectively locking the compound in the [HS-HS] state. These results suggest that the [Fe2L3]X4 
architecture is indeed capable of undergoing a full [HS-HS] ↔ [LS-LS] transition (1), and that 
the major factor restricting such a transition is not intramolecular restraints of the semi-rigid 
ligands, but it may more likely be intermolecular crowding effects.  
As illustrated in Figure 6.13, this series of dinuclear triple helicate compounds demonstrates 
that both the T1/2 and the completeness of SCO can be tuned by supramolecular means. The 
T1/2 can be manipulated by hydrogen-bonding interactions at the external imidazole coordinate 
bond donor moieties, while on the other hand, the completeness is dictated by the degree of 
steric congestion of these imidazole groups by adjacent helicate compounds.       
 
 
Figure 6.11. Schematic representation of the crystal packing in 3 illustrating the distribution of the triiodide anion 
throughout the lattice, spacing adjacent helicates. The triiodide anion is depicted in the space-filling mode in 
purple (the van der Waals surface). The bulky anion sits in between three adjacent helicates, preventing steric 
crowding of the Fe(II) coordination environment by neighbouring helicates. 
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Figure 6.12. van der Waals surface representation of the crystal packing in 1. Triiodide anions are shown in 
purple, while adjacent helicates are shown in light and dark blue for clarity and to indicate the presence of the 
[LS-LS] spin-isomer at 100 K. Figure a) is shown down the crystallographic a-axis, while b) is then rotated 180 
degrees to invert the c-axis.  
Lattice void 
space  
Separated 
external 
imidazoleimine 
groups 
a) 
b) 
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As briefly described above, the crystal density of 1 is greater than that of 2 or 3 (Table 6.2). In 
many circumstances when structural parameters are relatively similar, the more compact 
environment in a denser crystal lattice is less accommodating to the molecular distortions that 
are necessary upon SCO.55,56 In this case, the densest structure exhibited a full SCO, while in 
contrast, the least dense crystal was completely paramagnetic until the effects of zero-filed 
splitting were observed at very low temperatures. This may be a consequence of the triiodide 
anion in the structure of 1. It is a possibility that the large and soft nature of the triiodide anion—
easily polarised with relatively weak effective nuclear charge experienced by valence 
electrons—in spacing adjacent helicates can both simultaneously increase the crystal density 
of the compound and reduce steric crowding of the Fe(II) coordination sphere. As such, 1 
exhibits both a relatively dense crystal lattice and a complete spin-transition.  
 
 
 
Figure 6.13. A schematic diagram illustrating the effects of X-…H-N (X = I- (black squares), Br- (red triangles and 
blue circles) or Cl- (pink triangles)) hydrogen-bonding strength and steric crowding of the Fe(II) centre on the 
SCO profile observed in the series of three halide salts of the dinuclear triple helicate architecture investigated in 
this study.  
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6.4 Experimental Section 
All reagents and solvents were purchased from commercial sources, with no further 
purification being undertaken. High resolution ESI-MS data was acquired using a Waters Xevo 
QToF mass spectrometer (Waters, Milford, MA, USA), operating in positive ion mode with a 
desolvation temperature of 120⁰C, desolvation gas flow of 450⁰C and varying sample and 
extraction cone temperatures. A waters lock spray system was used to calibrate the high-
resolution masses. DSC and TGA measurements were performed using a simultaneous thermal 
analysis (STA) 449 C Jupiter instrument (Netzsch Australia Pty Ltd., Sydney, Australia). The 
STA measurements were performed using an aluminium crucible; the sample was run in an 
Argon atmosphere, and the temperature range of 30–200 °C was swept at a rate of 10·K·min−1. 
6.4.1 Synthesis  
The synthesis and characterisation of the previously reported L can be found in the open source 
publication (Craze, A. R.; Sciortino, N. F.; Badbhade, M. M.; Kepert, C. J.; Marjo, C. E.; Li, 
F. Investigation of the Spin Crossover Properties of Three Dinulear Fe(II) Triple Helicates by 
Variation of the Steric Nature of the Ligand Type. Inorganics 2017, 5 (4), 62.).  
Synthesis of complexes 1-3 – to a methanolic solution of three equivalents of L, two 
equivalents of Fe(II)X2 (where X = I
-, Br- or Cl-) was added dropwise. The solution was heated 
to 90⁰C, cooled and then filtered. The filtrate was then subjected to a diffusion of diethyl ether 
that yielded single-crystal X-ray diffraction suitable crystals that were used for analysis.   
[1]: Yield 72%, Elemental analysis (%) (calcd., found for C39H54EuN7 + 2H2O): C (54.67, 
54.34), H (6.85, 6.63), N(11.44, 11.78); ESI-HRMS (positive-ion detection, CH3OH): [L+H]
+ 
peak at 357.1445 m/z and the [Fe2L3]
2+ peak at 589.1272 m/z; STA – 3.48% mass change at 
200⁰C. 
[2]: Yield 55%, Elemental analysis (%) (calcd., found for C39H54GdN7 + 2H2O): C (54.33, 
54.08), H (6.78, 6.61), N(11.37, 11.59); ESI-HRMS (positive-ion detection, CH3OH): L+H]
+ 
peak at 357.0966 m/z and the [Fe2L3]
2+ peak at 590.0498 m/z;  STA – 3.78% mass change at 
200⁰C. 
[3]: Yield 69%, Elemental analysis (%) (calcd., found for C39H54DyN7 + 1H2O): C (55.15, 
55.08), H (6.65, 6.67), N(11.54, 11.96); ESI-HRMS (positive-ion detection, CH3OH): [L+H]
+ 
peak at 357.0966 m/z and the [Fe2L3]
2+ peak at 590.0503 m/z;  STA – 7.63% mass change at 
200⁰C. 
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6.4.2 Magnetic Susceptibility Measurements 
Crystals were taken directly from diffusion vials and filtered. Susceptibility data were collected 
using a Quantum Design SQUID magnetometer calibrated against a standard palladium 
sample. The data were collected between 10 and 350 K and the scan rate of the temperature 
was fixed at 4 Kmin−1. Measurements were taken continuously under an applied field of 0.5 T.  
6.4.3 X-ray Crystallography  
The single-crystal X-ray crystallography experiments were performed at the Australian 
Synchrotron, using silicon double crystal monochromated radiation at 100 K,53,54 or using a 
Bruker kappa-II CCD diffractometer at 150 K, employing an IµS Incoatec Microfocus Source 
with Mo-Kα radiation (λ = 0.710723 Å). Data integration and reduction was undertaken with 
XDS at the Asutralian synchrotron,55 and with CrysAlisPro for the Bruker instrument. An 
empirical absorption correction was then applied using SADABS at the Australian 
Synchrotron.56 The structures were solved by direct methods and the full-matrix least-squares 
refinements were carried out using a suite of SHELX programs57,58 via the OLEX2 graphical 
interface.59 Non-hydrogen atoms were refined anisotropically. Carbon-bound hydrogen atoms 
were included in idealised positions and refined using a riding model.  
Powder X-Ray diffraction measurements were conducted on a Bruker D8 ADVANCE 
diffractometer with a LynxEye position sensitive detector (PSD). The X-ray source was a 
Copper K-α1 at 1.54 Å at 40 kV and a current of 40mA. The sample scan range was 5-55 
degrees 2θ with a step size of 0.020° at a rate of 2 seconds per step. Data processing was 
conducted using Bruker’s EVA software.  
6.5 Conclusions 
In summary, a series of halide salts of a dinuclear triple helicate SCO compound ([Fe2L3]X4 – 
where X = I-, Br-, Cl-) was successfully synthesised in order to investigate the effect of 
hydrogen-bonding interactions at the exterior of the coordinating 4-imidazole group and the 
resulting effect on the spin-transition. As expected, crystallographic analysis found hydrogen-
bond distances to increase with anionic radii, and via Hirshfeld isosurface analysis the strength 
of these intermolecular contacts was quantified topologically and found to be stronger with the 
smaller more electronegative halide anions. Magnetic susceptibility experiments showed that 
1 exhibits a complete one-step transition with a T1/2 of 210 K, 2 a two-step incomplete transition 
with a 28 K thermal hysteresis in the higher temperature step (T1/2 values of 110 K and 191/219 
K) while 3 did not exhibit SCO. As such, a trend was observed between the hydrogen-bond 
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strength and the T1/2 across the halide series. Stronger hydrogen-bonding afforded a lower T1/2. 
By tuning the hydrogen-bonding across the halide series at the external imidazole group, the 
SCO can be manipulated. Furthermore, it was found that the restriction of SCO in 3 
(stabilisation of the [HS-HS] state) and the ability to access the [LS-LS] spin-isomer in 1 (a 
full SCO in both Fe(II) centres of the helicate) is most likely the result of the degree of steric 
crowding of the Fe(II) coordination environment. The shape of the dinuclear triple helicate 
architecture provides relatively close packing capability. More severe crowding was found to 
stabilise the [HS-HS] state in 3 and the [LS-HS] state in 2, while reduced congestion provided 
access to the [LS-LS] state in 3. In other words, the T1/2 of these compounds can be altered by 
hydrogen-bond strength, while completeness is more dependent on crystal packing and the 
crowding of the Fe(II) coordination environment. Such drastic alterations as a result of very 
subtle changes in supramolecular structure are a promising result in regards to the 
understanding and control of SCO in related structures with external hydrogen-bond donors. 
Further work is warranted to investigate the extent of these trends.  
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6.7 Supporting Information 
6.7.1 Magnetic Susceptibilty 
 
Figure S6.1. Magnetic susceptibility χmT vs T for compound 1, demonstrating the effect of solvent loss upon 
successive thermal cycles. 
 
Figure S6.2. Magnetic susceptibility χmT vs T for compound 2, demonstrating the effect of solvent loss upon 
successive thermal cycles; increased quantity of residual paramagnetic Fe(II) centres and reduced hysteresis depth.  
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Figure S6.3. Magnetic susceptibility χmT vs T for compound 3. 
 
6.7.2 Crystallography 
 
 
Figure S6.4. Powder X-ray diffraction spectrum of 1 with the experimental room temperature (top black) and 
simulated 100 K (bottom red) spectra shown.  
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Figure S6.5. Powder X-ray diffraction spectrum of 2 with the experimental 298 K (black) and simulated room 
temperature (red) spectra shown.  
 
Figure S6.6. Simulated PXRD spectra of of 2 at 100, 190, 220 and 250 K from bottom to top, from single-crystal 
diffraction measurements.  
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Figure S6.7. Powder X-ray diffraction spectrum of 3 with the experimental room temperature (top black) and 
simulated (bottom red) spectra shown.
 
Table S6.1. Crystal data and structure refinement 
for 1 at 100 K.  
Identification code  FL216_a  
Empirical formula  
C64H64Fe2I6N18
O7  
Formula weight  2070.43  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.476(2)  
b/Å  17.086(3)  
c/Å  20.121(4)  
α/°  79.14(3)  
β/°  80.85(3)  
γ/°  89.95(3)  
Volume/Å3  3823.7(14)  
Z  2  
ρcalcg/cm3  1.798  
μ/mm-1  2.862  
F(000)  2000.0  
Radiation  
MoKα (λ = 
0.71073)  
  
  
  
  
2Θ range for data 
collection/°  
2.088 to 50.7  
Index ranges  
-13 ≤ h ≤ 13, -20 
≤ k ≤ 20, -24 ≤ l 
≤ 24  
Reflections collected  48761  
Independent reflections  
12652 [Rint = 
0.0443, Rsigma = 
0.0315]  
Data/restraints/paramete
rs  
12652/2/893  
Goodness-of-fit on F2  1.073  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.0564, 
wR2 = 0.1581  
Final R indexes [all 
data]  
R1 = 0.0598, 
wR2 = 0.1604  
Largest diff. peak/hole / 
e Å-3  
4.59/-2.67  
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Table S6.2. Crystal data and structure refinement 
for 1 at 270 K. 
Identification code  p-1_a  
Empirical formula  
C60H49Fe2I6N19O4
.25  
Formula weight  1977.28  
Temperature/K  270(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.745(2)  
b/Å  17.398(4)  
c/Å  20.300(4)  
α/°  100.69(3)  
β/°  99.44(3)  
γ/°  90.39(3)  
Volume/Å3  4017.9(15)  
Z  2  
ρcalcg/cm3  1.634  
μ/mm-1  2.717  
F(000)  1892.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
2.072 to 52.746  
Index ranges  
-13 ≤ h ≤ 13, -21 
≤ k ≤ 21, -25 ≤ l 
≤ 25  
Reflections collected  45143  
Independent reflections  
13358 [Rint = 
0.0602, Rsigma = 
0.0591]  
Data/restraints/paramet
ers  
13358/0/834  
Goodness-of-fit on F2  1.829  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.1197, wR2 
= 0.3834  
Final R indexes [all 
data]  
R1 = 0.1241, wR2 
= 0.3914  
Largest diff. peak/hole 
/ e Å-3  
2.27/-3.85  
 
Table S6.3. Crystal data and structure refinement 
for 2 at 100 K.  
Identification code  FL217_a  
Empirical formula  
C68H80Br4Fe2N18
O11  
Formula weight  1756.84  
Temperature/K  293(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  30.280(6)  
b/Å  13.842(3)  
c/Å  18.222(4)  
α/°  90  
β/°  101.73(3)  
γ/°  90  
Volume/Å3  7478(3)  
Z  4  
ρcalcg/cm3  1.560  
μ/mm-1  2.595  
F(000)  3576.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.248 to 52.744  
Index ranges  
-37 ≤ h ≤ 37, -17 
≤ k ≤ 17, -22 ≤ l ≤ 
22  
Reflections collected  51992  
Independent 
reflections  
7470 [Rint = 
0.0359, Rsigma = 
0.0166]  
Data/restraints/paramet
ers  
7470/0/473  
Goodness-of-fit on F2  1.086  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.0399, wR2 
= 0.1047  
Final R indexes [all 
data]  
R1 = 0.0419, wR2 
= 0.1061  
Largest diff. peak/hole 
/ e Å-3  
0.87/-1.08  
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Table S6.4. Crystal data and structure refinement 
for 2 at 190 K.  
Identification 
code  
Sandy_SC7FeCl2_VT_0
2May18_190K  
Empirical 
formula  
C66H72Br4Fe2N18O9  
Formula weight  1692.75  
Temperature/K  190.0  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  30.460(5)  
b/Å  13.8555(16)  
c/Å  18.375(2)  
α/°  90  
β/°  102.581(8)  
γ/°  90  
Volume/Å3  7568.9(18)  
Z  4  
ρcalcg/cm3  1.485  
μ/mm-1  2.559  
F(000)  3432.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for 
data collection/°  
2.74 to 55.068  
Index ranges  
-39 ≤ h ≤ 39, -18 ≤ k ≤ 
18, -23 ≤ l ≤ 23  
Reflections 
collected  
204476  
Independent 
reflections  
8686 [Rint = 0.0840, 
Rsigma = 0.0254]  
Data/restraints/
parameters  
8686/3/473  
Goodness-of-fit 
on F2  
1.137  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0522, wR2 = 
0.1593  
Final R indexes 
[all data]  
R1 = 0.0685, wR2 = 
0.1758  
Largest diff. 
peak/hole / e Å-
3  
2.01/-1.04  
 
 
Table S6.5. Crystal data and structure refinement 
for 2 at 220 K.  
Identification 
code  
Sandy_SC7FeCl2_VT_0
2May18_220K  
Empirical 
formula  
C66H70.5Br4Fe2N18O9  
Formula weight  1691.24  
Temperature/K  220.15  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  30.590(11)  
b/Å  13.925(4)  
c/Å  18.472(7)  
α/°  90  
β/°  102.66(2)  
γ/°  90  
Volume/Å3  7677(5)  
Z  4  
ρcalcg/cm3  1.463  
μ/mm-1  2.523  
F(000)  3426.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for 
data collection/°  
2.73 to 54.876  
Index ranges  
-39 ≤ h ≤ 39, -18 ≤ k ≤ 
18, -23 ≤ l ≤ 23  
Reflections 
collected  
206640  
Independent 
reflections  
8744 [Rint = 0.0872, 
Rsigma = 0.0261]  
Data/restraints/
parameters  
8744/1/467  
Goodness-of-fit 
on F2  
1.108  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0497, wR2 = 
0.1587  
Final R indexes 
[all data]  
R1 = 0.0714, wR2 = 
0.1831  
Largest diff. 
peak/hole / e Å-
3  
1.54/-0.95  
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Table S6.6. Crystal data and structure refinement 
for 2 at 250 K.  
Identification 
code  
Sandy_SC7FeCl2_VT_0
2May18_250K  
Empirical 
formula  
C63H56Br4Fe2N18O6.5  
Formula weight  1600.59  
Temperature/K  250.15  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  31.11(9)  
b/Å  14.09(3)  
c/Å  18.74(7)  
α/°  90  
β/°  103.12(18)  
γ/°  90  
Volume/Å3  7999(41)  
Z  4  
ρcalcg/cm3  1.329  
μ/mm-1  2.416  
F(000)  3216.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for 
data collection/°  
4.462 to 54.372  
Index ranges  
-39 ≤ h ≤ 39, -18 ≤ k ≤ 
18, -24 ≤ l ≤ 23  
Reflections 
collected  
97474  
Independent 
reflections  
8799 [Rint = 0.1178, 
Rsigma = 0.0584]  
Data/restraints/
parameters  
8799/8/461  
Goodness-of-fit 
on F2  
1.059  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0765, wR2 = 
0.2198  
Final R indexes 
[all data]  
R1 = 0.1222, wR2 = 
0.2513  
Largest diff. 
peak/hole / e Å-
3  
1.43/-1.08  
 
Table S6.7. Crystal data and structure refinement 
for 3.  
Identification code  FL211_a  
Empirical formula  
C60H60Cl4Fe2N18
O9  
Formula weight  1430.76  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  19.052(4)  
b/Å  13.877(3)  
c/Å  26.796(5)  
α/°  90  
β/°  106.47(3)  
γ/°  90  
Volume/Å3  6794(3)  
Z  4  
ρcalcg/cm3  1.399  
μ/mm-1  0.651  
F(000)  2952.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
2.34 to 48.214  
Index ranges  
-21 ≤ h ≤ 21, -14 
≤ k ≤ 14, -28 ≤ l 
≤ 28  
Reflections collected  58497  
Independent reflections  
8994 [Rint = 
0.0771, Rsigma = 
0.0435]  
Data/restraints/paramet
ers  
8994/0/880  
Goodness-of-fit on F2  1.055  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.0637, wR2 
= 0.1689  
Final R indexes [all 
data]  
R1 = 0.0956, wR2 
= 0.1886  
Largest diff. peak/hole 
/ e Å-3  
0.91/-0.44  
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Table S6.8. Crystal data and structure refinement for 3 at 298 K. 
Identification code  p21onn_a  
Empirical formula  C59H48Cl4Fe2N19O5  
Formula weight  1356.66  
Temperature/K  298(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  21.673(4)  
b/Å  14.185(3)  
c/Å  28.394(6)  
α/°  90  
β/°  92.98(3)  
γ/°  90  
Volume/Å3  8717(3)  
Z  4  
ρcalcg/cm3  1.034  
μ/mm-1  0.502  
F(000)  2780.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  2.308 to 56.564  
Index ranges  -28 ≤ h ≤ 28, -18 ≤ k ≤ 18, -37 ≤ l ≤ 37  
Reflections collected  128804  
Independent reflections  19901 [Rint = 0.0675, Rsigma = 0.0349]  
Data/restraints/parameters  19901/6/834  
Goodness-of-fit on F2  1.644  
Final R indexes [I>=2σ (I)]  R1 = 0.1196, wR2 = 0.3746  
Final R indexes [all data]  R1 = 0.1428, wR2 = 0.4032  
Largest diff. peak/hole / e Å-3  1.00/-0.91  
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6.7.3 Mass Spectra  
 
 
Figure S6.8. Mass spectrum of 1 with the [L+H]+ peak at 357.1445 m/z and the [Fe2L3]2+ peak at 589.1272 m/z. 
The insert shows the experimental (bottom) and theoretical (top) isotopic distribution. 
 
 
 
 
 
Figure S6.9. Mass spectrum of 2 with the [L+H]+ peak at 357.0966 m/z and the [Fe2L3]2+ peak at 590.0498 m/z. 
The insert shows the experimental (bottom) and theoretical (top) isotopic distribution. 
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Figure S6.10. Mass spectrum of 3 with the [L+H]+ peak at 357.0966 m/z and the [Fe2L3]2+ peak at 590.0503 m/z. 
The insert shows the experimental (bottom) and theoretical (top) isotopic distribution. 
6.7.4 Thermal Gravimetric analysis 
 
 
Figure S6.11. TGA analysis of 1 showing a mass loss of 3.48% solvent molecules of crystallisation.  
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Figure S6.12. TGA analysis of 2 showing a mass loss of 3.78% solvent molecules of crystallisation. 
 
 
 
Figure S6.13. TGA analysis of 3 showing a mass loss of 3.48% solvent molecules of crystallisation.  
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Chapter Seven - Co-crystal Induced Modulation of the Intermolecular 
Interactions and Steric Crowding in a Spin Crossover Fe(II) Dinuclear 
Triple Helicate Architecture and the Effects on Cooperativity and Final 
Spin-State; Supramolecular Tuning of SCO. 
 
7.1 Abstract 
This study investigates the co-crystallisation of the Iodide salt of a Fe(II) dincuclear triple 
helicate of the form [Fe2L3], 1, with molecules of 1,4-diiodo-2,3,5,6-tretrafluorobenzene (2), 
and 1,3,5-benzenetricarboxylic acid (3). This was carried out to induce new intermolecular 
interactions and packing arrangements throughout the crystal lattice and to study the effects on 
the structure and magnetic susceptibility. Compound 1 exhibited a one-step half-complete 
SCO, the [LS-HS] state stabilised at low temperatures. Meanwhile, the co-crystal 2 presented 
a single-step transition, stabilising the [LS-HS] state at room temperature and the [LS-LS] state 
at low temperatures. To the best of our knowledge this is the first Fe(II) dinuclear triple helicate 
to be trapped in the LS-HS state at room temperature. This was explained by the possible steric 
crowding of the helicate compounds by DITFB molecules, effectively settling into the grooves 
of the helicate architecture. Finally, compound 3 exhibited an almost complete SCO with a 
more abrupt nature than either 1 or 2.  Increased abruptness was assigned to the induction of a 
three-dimensional hydrogen-bonding network between BTC2- and helicate compounds 
throughout the crystal lattice, more effectively transmitting the geometric distortions of SCO. 
On the other hand, the more complete SCO was found to be a result of fewer intermolecular 
steric restraints in 3 than in 1 or 2, a result of the BTC2- and I3
- anions separating adjacent 
helicate molecules, permitting the Fe(II) coordination environment to distort with SCO. These 
examples of a half-complete spin-transition (1), a highly complete two Fe(II) centre spin-
transition (3) and a room-temperature-stabilised [LS-HS] state (2) in three dinuclear triple 
helicates of the same general helicate architecture, shows the potential of using tailored co-
crystallite molecules to ‘tune’ the SCO of these compounds by altering the intermolecular 
interactions and steric crowding between neighbouring dinuclear compounds.  
7.2 Introduction  
Transition metal compounds of d4-d7 valency, with an appropriate ligand field, may experience 
spin crossover (SCO)—a transition between electronic configurations with alternative numbers 
of paired and unpaired electrons.1–3 This is an entropic phenomenon, whereby the increased 
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vibrational and configurational entropy of the high-spin (HS) state overcomes the enthalpy of 
the shorter coordinate bonds in the low-spin (LS) configuration at higher temperatures.2,3 The 
LS ↔ HS transition can also occur with perturbations such as pressure and light. Complexes 
of the form [FenN6n] are commonly studied in SCO research, as these compounds afford the 
most dramatic differences between the two bistable states (coordination bond lengths and 
octahedral distortion values).4   
In the solid-state, the manner with which a spin-transition occurs is irremovably linked to the 
modes and strengths of interactions between adjacent molecular entities throughout the 
material. As a result, the ability to understand and predict, in any concrete fashion, the nature 
of cooperative spin-transitions, remains an arduous challenge.5  Modulation of the 
intermolecular interactions can be made via a variety of synthetic methods; these include 
counter ion substitution,6–8 varying the external ‘R’ groups of the coordinating ligands to 
include hydrophobic groups,9–12 halogen-bond donors or hydrogen-bond donors/acceptors,13 
solvent substitution/loss/gain14–17 and more recently co-crystallisation.18  
Co-crystallisation is a useful tool in manipulating SCO and introducing additional 
functionalities to the material, producing multifunctional devices. Various methods of 
manipulating SCO in co-crystalline materials have been presented, such as such as the addition 
of counterions with long alkyl chains to form supramolecular assemblies,19,20 the addition of 
charge balancing salts to induce conductivity,21–24 as well as the co-crystallisation of SCO 
active and luminescent molecules to produce SCO luminescent switches.20,25 While some 
exciting materials have been produced by supramolecular complementarity in such a manner, 
co-crystallisation often affords greater unpredictability due to the abundance of weak 
interactions that act to direct the crystal packing in, at this stage, a fairly unpredictable nature. 
Previous work by Jeon et al.18 utilised the 1,3,5-triiodo-2,4,6-trifluorobenzene neutral co-
crystal to form a halogen-bonding framework around a [Fe(qsal)2]
+ complex in both the Cl- and 
I- salts, modulating the electronic properties of the material. The incorporation of this 
compound in the halogen-bonding framework resulted in the onset of SCO in both cases. In 
this manner the framework acted as an ‘on-switch’ for the SCO of the material. This study 
demonstrates the potential for co-crystals to alter the SCO properties of materials towards more 
favourable outcomes, permitting constructive structure-function relationships to be established.   
In regards to both future applications of, and fundamental interests in dinuclear SCO materials, 
two important properties are the abruptness and the completeness of the spin-transition. The 
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abruptness is commonly related to the degree of cooperativity between adjacent compounds 
throughout the crystal lattice.13,26–28 The Fe(II) dinuclear triple helicate architecture has 
previously demonstrated little cooperativity, gradual spin-transitions, as well as typically 
exhibiting half-transitions. Only four such compounds have been reported to demonstrate full 
[HS-HS] ↔ [LS-LS] transitions before this body of work.15,29 
For this study, we selected the dinculear triple helicate architecture [Fe2L3], where L is the bis-
bidentate imadazolylimine ligand shown in Figure 7.1, as the functional SCO complex to be 
incorporated with selected co-crystals. The previously reported solid-state magnetic studies of 
other compounds utilising the same architecture demonstrated anion dependence,30–32 implying 
that the two magnetic states (HS and LS) are placed relatively close in energy. Furthermore, 
these studies report incomplete spin-transitions, where these helicates are often stabilised in the 
[LS-HS] or 50:50 [LS-LS]:[HS-HS] state at low temperatures, the spin-transition often 
proceeding in a gradual manner.30–32 Previous literature on dinuclear SCO compounds have 
reasoned that intramolecular steric restraints of semi-rigid linker ligands may prevent the full 
[HS-HS] ↔ [LS-LS] transition.33–35 Chapter five reported the I-, Br- and Cl- salts of an 
analogous dinuclear triple helicate architecture, finding that these structures are indeed capable 
of undergoing a full SCO at both Fe(II) centres (see the I- salt), and that the major factor 
influencing this completeness was the degree of steric crowding of the Fe(II) coordination 
environment. More extensive crowding of the external coordinating imidazoleimine groups 
and the central benzene moieties was found to restrict SCO, resulting in either paramagnetism 
or a half-transition, while a full-transition was observed when the packing arrangement 
provided a greater degree of conformational freedom. 
Encouraged by the above findings, we sought to investigate how the correct degree of 
interhelical separation could be ‘artificially’ achieved in the crystal lattice to permit a full spin-
transition at both Fe(II) centres of the dinuclear triple helicate architecture. At the same time, 
our interest lay in trying to attain a more abrupt SCO by inducing an extensive network of 
intermolecular interactions throughout the crystal lattice. These properties may potentially be 
more promising in future electronic and sensing devices.15 In this context, co-crystals were 
implemented to induce changes throughout the lattice and study the structure-function 
relationships. Two co-crystals were selected, 1,4-diiodo-2,3,5,6-tretrafluorobenzene (DITFB) 
and 1,3,5-benzenetricarboxylic acid (BTC). BTC was selected for the potential of six 
hydrogen-bond interactions per molecule, in an attempt to induce a supramolecular network of 
hydrogen-bonding with the external N-H of the 2,4-imidazoleimine donor moiety of the 
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helicate structure. On the other hand, DITFB was selected on account of it possessing a π-
system with electronegative substituents, to study the effect of π-interactions with a helicate 
structure incorporating six benzenes and six imidazole groups, which have already shown the 
potential to participate in intermolecular interlocking interactions between π-groups of adjacent 
molecules (Chapter 5). The magnetic and structural properties of the iodide salt (1), the DITFB 
co-crystal (2) and the BTC co-crystal (3) of the dinuclear helicate architecture [Fe2L3] are 
described below, relating the changes in intermolecular interactions and crystal packing 
arrangements induced by the co-crystals to the change in magnetic susceptibility observed.  
 
 
Figure 7.1. Schematic representation of the bisbidentate ligand L used in the synthesis of three dinuclear triple 
helicate compounds in this study.  
7.3 Discussion 
7.3.1 Synthesis 
Synthesis of L has been previously reported by our group and others.30–32 Compound 1 was 
synthesised by a 2:3 stoichiometric addition of FeI2 into a methanolic solution of L. The 
solution was heated at 70⁰C and stirred for 2 hours before cooling and subsequent filtration. A 
vapour diffusion of diethyl ether into the methanolic solution yielded crimson, single-crystal 
X-ray diffraction quality, crystals used in magnetic susceptibility and diffraction experiments. 
Compound 1 was dissolved in methanol and filtered, and a methanolic solution of four molar 
equivalents of 1,4-diiodo-2,3,5,6-tetrafluorobenze was added. The solution was stirred and 
filtered before being left to evaporate, producing single-crystals. An analogous method was 
used in the case of 3, with the addition of eight molar equivalents of 1,3,5-benzenetricarboxylic 
acid to 1 in methanol, although a diethyl ether diffusion was implemented instead of a slow 
evaporation. Dark red single crystals resulted in this case.  
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7.3.2 Magnetic Susceptibility 
At 350 K the molar magnetic susceptibility of 1 was 7.16 cm3K-1mol-1, corresponding to two 
Fe(II) centres in the HS 5T2 state, and hence a [HS-HS] form of the helicate compound was 
present (Figure 7.2). Upon cooling to 75 K, the susceptibility decreased in a single-step manner 
to a value of 3.07 cm3K-1mol-1, with a T1/2 value of 217 K. This is indicative of spin-crossover 
to the LS 1A1 state in around 55% of Fe(II) centres. The χmT value then proceeds to plateau 
until around 30 K, most likely the result of weak antiferromagnetic interactions, at which point 
the magnetic susceptibility decreases sharply due to zero field splitting in the S = 2 ground-
state, caused by a strong distortion of the coordination sphere of the Fe(II) centres remaining 
HS. After heating to 400 K, the sample retained a [HS-HS] χmT value of 7.16 cm3K-1mol-1. 
Although, upon cooling to 70 K the χmT value declined in a two-step fashion, exhibiting two 
inflexion points (T1/2 ↓ values of 172 and 86 K), to a value of 2.53 cm3K-1mol-1, suggesting an 
incomplete HS↔LS transition, with approximately 35% of the high-spin molar fraction 
trapped at lower temperatures (Figure S7.1 and Figure S7.4). Similarly, the χmT product 
plateaus until 25 K, until it drops sharply again, most likely a result of zero field splitting. A 
similar phenomenon was observed by Romero and co-workers, where magnetic susceptibility 
studies on hydrogen-bonded networks of a [Fe(bpp)2]
2+ series demonstrated a change from an 
abrupt single-step SCO to a gradual two-step transition in successive heating cycles upon 
solvent loss when heated to 400 K.36 
On the other hand, co-crystallisation with DITFB (2) results in ‘trapping’ of the [LS-HS] state 
at room temperature. At 350 K, the χmT value is equal to 2.50 cm3K-1mol-1, which is equivalent 
to a 45% Fe(II) HS-fraction. This value decreases gradually until around 150 K, with a T1/2 of 
267 K, at which point the χmT was observed to be 0.19 cm3K-1mol-1. The susceptibility then 
proceeds to plateau until 10 K, where χmT was 0.10 cm3K-1mol-1. At this point the clear majority 
of Fe(II) centres have undergone a spin-transition to the LS 1A1 state and the residual magnetic 
moment is the result of a small degree of residual paramagnetic centres. Heating to 400 K 
results in a small increase in the level of residual paramagnetic signal at 10 K, which may be 
attributed to a minor degree of solvent loss (Figure S7.0.2 and Figure S7.5), while the sample 
retains a similar T1/2 value.   
On the other hand, co-crystallisation with BTC results in an almost complete single-step 
transition of the two Fe(II) centres with a T1/2 of 196 K. The χmT value at room temperature is 
7.19 cm3K-1mol-1, equivalent to two HS Fe(II) centres, and remains so until 265 K, at which 
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point, the magnetic susceptibly decreases in a sigmoidal fashion consistent with SCO, to 1.38 
cm3K-1mol-1 at 70 K. Upon subsequent cycles of heating and cooling, solvent loss results in a 
decrease in the amount of residual paramagnetic Fe(II) centres at 70 K (Figure S7.3). 
 
Figure 7.2. Magnetic susceptibility χmT vs T of 1 (black squares), 2 (red circles) and 3 (blue triangles) between 
10 and 350 K. 
7.3.3 Magneto-Structural Correlations 
Single crystal X-ray diffraction experiments indicate that 1 crystallises in the triclinic space 
group P1, with a single helicate compound present in the asymmetric unit. The non-
coordinating imidazolyl N-H group, positioned towards the exterior of the helicate compound, 
is an efficient hydrogen-bond donor. As a result, hydrogen-bonding is present throughout the 
lattice at all six N-H donor sites of the helicate compound. Four of these sites are occupied by 
MeOH…H-N hydrogen bonding (MeHO…H-N 2.732, 2.792, 2.718 and 2.764 Å), while the two 
remaining sites exhibit I-…H-N interactions (H-N…I- 3.591 and 3.585 Å – see Table 7.1).  
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Table 7.1. Selected crystallographic parameters for the compounds 1-3.   
 1 2 3 
Temperature (K) 100 K 100 K 100 K 
∑ (⁰) Fe01 – 72.03 
Fe02 – 64.93 
Fe01 – 60.98 Fe01 – 76.22 
Fe02 – 58.68 
Average Fe(II)-N 
distance (Å) 
Fe01 - 2.06 
Fe02 – 2.01 
Fe01 -2.00 Fe01 – 2.13 
Feo2 – 1.99 
Spin state of Fe(II) [MS-LS] LS [MS-LS] 
Space group P1 C2/c P1 
Intermolecular 
interactions 
4 x MeOH…HN 
imidazole-to-
imidazole and 
imidazole-to-
benzene π-
interactions 
1 x H2O
…H-N 
2 x N-H…I- H-
bonding 
I-… I-C halogen 
bonding 
Face-to-face π-π 
1D chain via C-F…π, 
C-I…π and face-to-
face DITFB-to-
benzene π-
interactions 
6 x (BTC)O…H-N 
3D supramolecular 
network formed 
(BTC links 6 
helicates) 
Number of 
intramolecular 
edge to face π 
interactions 
2 2 2 
Solvent molecules 4.75 x MeOH 4 x H2O 3 x MeOH 
1 x H2O 
C-X-C angle 
(where X = CH2, S 
or O) (⁰) 
115.01 114.63 116.04 
Intrahelical-
separation (Å) 
11.48 11.50 11.51 
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Previous work on dinuclear Fe(II) systems has found that the relative degree of distortion in 
the [HS-HS] form dictated the relative stabilisation of the HS-state, and whether the [LS-LS] 
state is achieved or the system remains [LS-HS] at lower temperatures.37,38 In other words, the 
commonly incomplete SCO in dinuclear structures has previously been related to 
intramolecular sterics. Although in chapter five, focusing on the I-, Br- and Cl- salts of an 
analogous helicate compound, it was found that the intermolecular steric congestion of the 
Fe(II) coordination environment played a more important role in the extent of SCO in three 
dinuclear triple helicate materials. Greater crowding of the Fe(II) coordination environment at 
the external imidazolimine groups of the triple helicate architecture either prevented a full [HS-
HS] ↔ [LS-LS] transition or resulted in stabilisation of the [LS-HS] intermediate state (or a 
50/50 [HS-HS]/[LS-LS] state) at low temperatures.  
In this context, upon analysis of the crystal packing in 1, it is apparent that the exterior 
imidazoleimine groups that make up the Fe(II) coordination environment are crowded by 
equivalent groups of adjacent molecules (Figure 7.3). The ends of each molecule are cramped 
between the ends of two neighbouring helicates along the c-axis, the imidazole groups packing 
tightly as a result of their ‘groove-like’ conformation, allowing an interlocking packing 
arrangement. This close packing at the distal imidazole groups is mediated by imidazole-to-
imidazole and imidazole-to-benzene edge-to-face π-interactions (3.075 and 3.024 Å 
respectively) and is illustrated in Figure 7.4. In such a manner the SCO at both Fe(II) centres 
of the helicates is sterically restricted, and the [LS-HS] state is stabilised at low temperatures. 
Furthermore, these rows of tightly packed helicates along the c-axis, pack one atop the other 
along the a-axis in a manner creates void space between c-axis layers (Figure 7.5). This would 
provide some degree of conformational freedom for the helicate compounds and may explain 
the half-transition observed. Above and below the helicates are free to distort, while to the sides 
of the external imidazole groups, tight packing arrangements restrict such movements.   
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Figure 7.3. Space filling representation (van der Waals surface) of the crystal packing arrangement in 1, 
illustrating the steric crowding at the imidazoleimine groups that make up the Fe(II) coordination environment. 
Adjacent helicates have been shown in green and red for clarity. Solvent and counter ions are excluded. The c-
axis runs down the page in a) and across the page in b). 
a) 
b) 
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Figure 7.4. Schematic representation of the packing arrangement in 1, obtained from single-crystal X-ray 
diffraction experiments. Green dotted lines represent edge-to-face π-interactions that facilitate a close packing 
arrangement of the external imidazoleimine groups.  
 
Figure 7.5. Crystal packing representation showing the van der Waals surface of individual helicates in 1, 
demonstrating the manner with which rows of tightly packed helicates along the c-axis stack along the a-axis with 
space between helicate layers.    
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Upon the inclusion of DITFB in the crystal lattice (Figure 7.6), compound 2 crystallises in the 
monoclinic space group C2/c. Crystallographic parameters (∑ = 60.984⁰, average Fe-N = 2.00 
Å) indicate the Fe(II) centres are in the [LS-LS] state at 100 K, in confirmation of magnetic 
susceptibility measurements. The inclusion of DITFB induces a one-dimensional 
supramolecular chain throughout the crystal lattice, mediated by DITFB molecules interacting 
with adjacent helicates via face-to-face π-π as well as C-F…𝜋 and C-I…π interactions. These 
interactions link helicates lengthwise along the crystallographic c-axis (Figure 7.7 and Figure 
7.8).  
 
 
Figure 7.6. Crystal packing of 2, demonstrating the distribution of the DITFB co-crystallite throughout the lattice. 
solvent and counter ions have been omitted for clarity. Black represents carbon, blue nitrogen, white hydrogen, 
yellow fluorine, purple iodine and orange Fe(II). The unit cell is shown down the a) c- and b) a-axes.  
a) 
b) 
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The DITFB molecules settle into ‘grooves’ of the triple helicate structure, with two Fluorine 
atoms sitting directly above benzene π-density of two separate ligands of a single helicate, 
resulting in face-to-face π-bonding (Figure 7.8). Furthermore, one fluorine and one Iodine 
molecule interact with the π-density of two five-membered imidazole rings of the adjacent 
helicate. In this manner, the DITFB molecules settle into two helicate grooves, one to the 
exterior of the helicate mediated by the halide to π-interactions, and one toward the centre of 
the helicate mediated by face-to-face π-interactions. 
  
 
Figure 7.7. Schematic representation of 2, illustrating the manner with which DITFB molecules interact with 
helicates along the c-axis through-F…π and C-I…π contacts to create a chain of supramolecular contacts.  
 
 
Figure 7.8. a) Schematic diagram of the crystal packing of 2, demonstrating the π-π, C-I…π and C-F…𝝅 
interactions. b) a d-norm Hirshfeld surface39 of 2 indicating the relative strength of the C-F…𝝅 interaction in 
comparison to the I-…H-N interaction, allowing DITFB molecules to effectively settle into the exterior and interior 
grooves of the helicate. 
a) b) 
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An interesting transformation in the magnetic properties between these two compounds, is that 
1 seems to stabilise the [HS-HS] state at room temperature and the [LS-HS] state at low 
temperatures, while 2 stabilises the [LS-HS] state at room temperature and the [LS-LS] state 
at low temperatures. If the geometric or electronic origins of this phenomenon can be properly 
understood, this would be very informative in the design and manipulation of dinuclear triple 
helicate SCO compounds. Stabilisation of both the [LS-HS] state at room temperature and the 
[LS-LS] state at low temperature, are both unusual for dinuclear triple helicates. To the best of 
our knowledge this is the first Fe(II) dinuclear triple helicate to be trapped in the [LS-HS] state 
at room temperature. The Δ∑ for such compounds is often quite large, around 30-35⁰ between 
LS and HS Fe(II) centres,32 and this change at two Fe(II) centres bridged by three semi-rigid 
ligands places a strain on the structure with the onset of SCO. Consequently, it is uncommon 
for dinuclear triple helicates to be reported with stabilisation of the [LS-LS] state at low 
temperatures.  
The position of the DITFB co-crystal, interacting with π-systems of adjacent helicates in a very 
close manner, creates a steric crowding of the helicate architecture that must undergo quite a 
severe rearrangement with SCO (Figure 7.9). In this manner, the Fe(II) coordination 
environment may be sterically restricted from undergoing a spin-transition at both metal 
centres. Furthermore, halogen-π interactions with DITFB molecules may in turn be more 
effective in the less distorted [LS-HS] arrangement of the ligands, thereby lowering the energy 
of this state, effectively stabilising the [LS-HS] coordination geometry. In this example, steric 
congestion can be utilised to block access to the [HS-HS] state, stabilise the [LS-HS] state at 
room temperature and to permit access the [LS-LS] state. The phenomenon of steric congestion 
inhibiting spin-crossover has been previously observed in several systems.40–43 Unlike the 
majority of dinculear tripe helicate SCO compounds, which are prevented from accessing the 
[LS-LS] state by intramolecular sterics, intermolecular sterics in the co-crystal 2 may stabilise 
the [LS-LS] state and block access to the [HS-HS] conformation.    
The co-crystal material experiences a large increase in the T1/2 value of around 50 K compared 
to that of 1. This can often correspond to a greater ligand field splitting energy or stabilisation 
of the [LS-LS] crystal lattice energy in this arrangement (T1/2 = ΔH/ΔS). The observed shifting 
of the T1/2 value in such a manner may support the idea that the co-crystal-to-helicate π-π and 
halogen-π interactions are more stable in the [LS-LS] state. Although, supramolecular contacts 
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along only one axis affords very little change in cooperativity of the spin-transition, as observed 
in Figure 7.1, with the χmT vs T slopes of 1 and 2 displaying very similar gradients.  
 
Figure 7.9. Crystal packing diagram of 2, with the product of atom size and the van der Waals radius equal to 1, 
demonstrating the tendency of the DITFB compounds to settle into the grooves of the helicate compound, 
preventing effective distortion of the Fe(II) coordination environment necessary for SCO. Helicate compounds 
have been coloured for red clarity. Solvent and anions have been omitted. a) has been rotated 90⁰ from b).  
Upon co-crystallisation of 1 with BTC (3), the compound crystallises in the triclinic space 
group P1. Two of the carboxylic portons are lost (BTC2-), and addition of BTC2- into the crystal 
lattice results in the formation of a three-dimensional hydrogen-bonding network, with each of 
the six oxygens of the BTC2- anion linking an imidazole N-H through hydrogen-bonding 
(Figure 7.10). Octahedral distortion parameters (Fe01 – 76.223⁰ and Fe02 – 58.683⁰) and 
average Fe-N bond distances (Fe01 – 2.1335 and Fe02 – 1.987 Å) at 100 K again coincide 
nicely with magnetic data (χmT 1.95 cm3K-1mol-1), indicating that one Fe(II) centre is LS, the 
other is present in a mixed LS/HS-state population (MS).  
The most dramatic changes in the magnetic response of the material after the addition of the 
BTC2- co-crystal are a more abrupt spin-transition and a more complete [HS-HS] ↔ [LS-LS] 
transition. In regards to the first, the abrupt SCO may be explained by the more extensive 
intermolecular interactions induced in the lattice by the BTC co-crystals in comparison to the 
I- and DITFB compounds (1 and 2).44 The BTC2- molecules present in the crystal lattice 
participate in hydrogen-bonding with six external N-H groups of six different helicates, 
forming a three-dimensional network of hydrogen-bonding throughout the lattice. Secondly, 3 
exhibited a full spin-transition. On analysis of the crystal packing arrangement, it was observed 
a) b) 
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that adjacent helicates possess a greater degree of conformational freedom, with far less 
crowding of the Fe(II) coordination environment (Figure 7.11). The three important areas of 
molecular rearrangement with SCO, the central benzene moieties and the two external 
imidazoleimine coordination spheres, were found to be less congested. The ‘spacing’ of 
neighbouring helicates was found to occur by two mechanisms (Figure 7.12). In the first, steric 
spacing of adjacent helicates is caused by the large, soft (easily polarized) triiodide anions. 
Secondly, hydrogen-bonding between the six-fold hydrogen-bond donor BTC2- anions and 
neighbouring helicates also results in separation. The combination of these two effects results 
in a more distanced packing arrangement of helicates throughout the crystal lattice, relieving 
steric congestion and possibly permitting the helicate molecules to undergo SCO at both Fe(II) 
centres.  
Figure 7.10. Schematic representation of the crystal packing arrangement in 3. a) demonstrates the participation 
of each exterior N-H in hydrogen-bonding with BTC2- molecules, and b) shows the three-dimensional network of 
hydrogen-bonding formed in the co-crystal, viewed down the a-axis.  
a) 
b) 
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These two co-crystallite compounds, 2 and 3, serve as an example of how hydrogen-bonding 
and intermolecular steric crowding can be manipulated to modify the SCO in dinuclear triple 
helicate compounds. The general helicate architecture found in 1 is most definitely capable of 
undergoing the necessary distortions to permit SCO at two Fe(II) centres of the molecule, and 
further, may not be trapped by intramolecular restrictions of the semi-rigid ligands like those 
dinuclear compounds investigated by Murray, Brooker and Gütlich.33–35 Instead, a possible 
alternative explanation for the extent of SCO (completeness) in these helicate compounds is 
the degree of steric crowding of the ligand architecture at the three important distortion sites 
(the middle and two ends) by adjacent helicate compounds. These findings also highlight that 
crowding experienced by the helicate compounds can be manipulated with the inclusion of 
large sterically bulky counterions or molecules (such as triiodide), as well as through the 
addition of multi-dimensional hydrogen-bonding with co-crystals or anions, such as is the case 
with BTC2-. An interesting point of further study would be to measure the solution state SCO 
properties of these helicates, as in solution, without the steric restrictions imposed by crystal 
packing, the dinuclear triple helicate architecture investigated in this series should undergo 
SCO. 
It was further observed that solvent loss has more of an impact on the spin transition of 1 than 
that of 2 or 3 (Figure S7.1, Figure S7.0.2 and Figure S7.3). Analysis of the crystal structures 
suggests that this can be explained by 1 having four MeOH…H-N hydrogen-bonding 
interactions, while 2 has only one and 3 does not possess any solvent interactions with these 
groups. Results from chapter four and five, as well as previously reported compounds, show 
that in such dinuclear triple helicate systems, solvent is commonly an issue in obtaining 
consistent spin-transitions.15 In this way, these co-crystal materials exhibit more stable SCO, 
with a more consistent spin-transition.  
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Figure 7.11. Schematic representation of the crystal packing in 3, illustrating the manner with which the BTC2-
…H-N hydrogen-bonding and bulky triiodide anions space out adjacent helicates throughout the crystal lattice. 
The lattice is shown down the a) a-axis and b) c-axis.  
 
a) 
b) 
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Figure 7.12. Space filling representation (van der Waals radius) of the crystal packing in 3, demonstrating the 
separation of a) the coordinating imidazole groups of adjacent helicates, and b) neighbouring helicates throughout 
the lattice. The consequence of which is the steric freedom of the Fe(II) coordination sphere and a full SCO. 
 
a) 
Separation of 
imidazole 
groups 
b) 
Separation of 
adjacent 
helicates 
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7.4 Materials and Methods 
All reagents and solvents were purchased from commercial sources, with no further 
purification being undertaken. DSC and TGA measurements were performed using a 
simultaneous thermal analysis (STA) 449 C Jupiter instrument (Netzsch Australia Pty Ltd., 
Sydney, Australia). The STA measurements were performed using an aluminium crucible; in 
an Argon atmosphere, and the temperature range of 25–200 °C was swept at a rate of 10 
Kmin−1. 
7.4.1 Preparation of 1, 2 and 3  
1: FeI2, in methanol, was slowly added to a methanolic suspension of L in a 2:3 ratio. The 
reaction mixture was heated at 70 °C and stirred for 2 h, leading to a clear orange solution. The 
solution was filtered, followed by a slow diffusion of diethyl ether into the acetonitrile solution, 
resulting in the formation of dark red crystals. 
1: Yield 63%. ESI-HRMS (positive ion detection, MeOH): [Fe2(L)3]
3+, 293.5881 m/z; 
[Fe2(L)3]
2+ 586.1685; STA – 2.14% solvent loss. 
2: Compound 1 was dissolved in methanol. A 1:4 stoichiometric ratio of 1:DITFB was added 
in methanolic solution. After filtration the solution was left to slowly evaporate, yielding 
crystals of X-ray diffraction quality.  
 [2]: Yield 41%. 
3: Synthesis of complex 3 – Similarly, 1 was dissolved in MeOH and 8 molar equivalents of 
BTC was added (in a methanolic solution). After filtration, the solution was subject to a 
diffusion of diethyl ether to yield dark red single crystals.  
[3]: Yield 52%, STA – 0.24% mass change at 200⁰C. 
7.4.2 Single Crystal X-ray Diffraction  
The X-ray crystallography experiments were performed at the Australian Synchrotron, using 
silicon double crystal monochromated radiation at 100 K.45,46 The crystal was rotated through 
Phi angle of 1–360 degrees. Data was collected at 100 K for each structure. Data integration 
and reduction was undertaken with XDS.47 An empirical absorption correction was then 
applied using SADABS at the Australian Synchrotron.48 The structures were solved by direct 
methods and the full-matrix least-squares refinements were carried out using a suite 
of SHELX programs49,50 via the OLEX2 graphical interface.51 Non-hydrogen atoms were 
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refined anisotropically. Carbon-bound hydrogen atoms were included in idealised positions 
and refined using a riding model.  
7.4.3 Magnetic Susceptibility Measurements 
Crystals were taken directly from crystalliattion vials and filtered. Susceptibility data were 
collected using a Quantum Design SQUID magnetometer calibrated against a standard 
palladium sample. The data were collected between 10 and 400 K and the scan rate of the 
temperature was fixed at 4 Kmin−1. Measurements were taken continuously under an applied 
field of 0.5 T.  
7.4.4 Powder X-ray diffraction 
Powder X-Ray diffraction measurements were conducted on a Bruker D8 ADVANCE 
diffractometer with a LynxEye position sensitive detector (PSD). The X-ray source was a 
Copper K-α1 at 1.54 Å at 40 kV and a current of 40mA. The sample scan range was 5-55 
degree 2θ with a step size of 0.02° at a rate of 2 seconds per step. Data processing was 
conducted using Bruker’s EVA software. 
7.5 Conclusion 
 
In conclusion, the iodide salt of a dinuclear triple helicate [Fe2L3] architecture, 1, was found to 
exhibit a half-complete SCO. This was then co-crystallised with molecules of 1,4-diiodo-
2,3,5,6-tretrafluorobenzene (2) and 1,3,5-benzenetricarboxylic acid (3) modifying the 
separation of adjacent helicates, as well as the intermolecular interactions throughout the 
crystal lattice, in order to study the structure-function relationships in the respective co-crystals. 
The co-crystal 2 demonstrated a single-step transition, stabilising the [LS-HS] state at room 
temperature and the [LS-LS] state at low temperatures. To the best of our knowledge this is the 
first dinuclear triple helicate to be trapped in the [LS-HS] state at room temperature. This was 
explained by the possible steric crowding of the helicate compounds by the DITFB molecules, 
which effectively settled into the grooves of the helicate architecture mediated by π-
interactions. The π-π and X…π (where X = I-C and F-C) were found to link adjacent helicates 
in a chain-like manner along a single axis. Finally, compound 3 exhibited an approximately 
complete SCO with a more abrupt nature than either 1 or 2. The increased abruptness was 
assigned to the induction of a three-dimensional hydrogen-bonding network between BTC2- 
and helicate compounds throughout the crystal lattice more effectively transmitting the 
geometric distortions of SCO. The more complete transition was found to be a result of greater 
separation of adjacent helicates, mediated by the steric properties of bulky I3
- anions and BTC2-
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…H-N hydrogen-bonding interactions, providing the necessary conformational freedom of the 
Fe(II) coordination environment required during SCO. This study demonstrates that the 
intermolecular interactions and packing arrangement of such dinuclear triple helicate 
compounds can be manipulated in order to produce materials that have more complete and 
abrupt spin-transitions, with greater potential application in real world devices.  
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7.7 Supporting Information 
 
7.7.1 Magnetic susceptibility 
Crystals were taken directly from diffusion vials and filtered. Susceptibility data were collected 
using a Quantum Design SQUID magnetometer calibrated against a standard palladium 
sample. The data were collected between 10 and 400 K and the scan rate of the temperature 
was fixed at 4 Kmin−1, 2Kmin-1 data was also collected. Measurements were taken 
continuously under an applied field of 0.5 T.  
Figure S7.1. Magnetic susceptibility χmT Vs T plot of 1 showing the effect of solvent loss upon successive cycles 
after heating to 400 K.  
Figure S7.0.2. Magnetic susceptibility χmT Vs T plot of 2 showing the effect of solvent loss upon successive 
cycles after heating to 400 K as well as 2Kmin-1 data.  
0 100 200 300 400
2
3
4
5
6
7
X
m
T
 (
c
m
3
K
 m
o
l-1
)
 350-10 K
 400-10 K
Temperature (K)
0 100 200 300 400
0.0
0.5
1.0
1.5
2.0
2.5
Temperature (K)
X
m
T
 (
c
m
3
K
 m
o
l-1
)
 1st cycle
 2nd cycle
 2Kmin-1
 400K
269 
 
 
Figure S7.3. Magnetic susceptibility χmT Vs T plot of 3 showing the effect of solvent loss upon successive cycles 
after heating to 400 K.  
7.7.2 STA analysis 
 
 
 
 
Figure S7.4. TGA analysis of 1 showing a small mass change due to solvent loss. 
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Figure S7.5. STA analysis of 2 showing a small mass change due to solvent loss.  
 
 
 
Figure S7.6. TGA analysis of 3 showing a mass change of 0.24% due to solvent loss.  
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6.7.3 High Resolution Electrospray Ionization Mass Spectra 
 
 
 
Figure S7.7. ESI-HRMS spectrum of 1. The insert shows the isotope pattern for doubly charged complex species 
(bottom) with the simulated distribution (top). 
 
7.7.4 Crystallography 
Powder X-Ray diffraction measurements were conducted on a Bruker D8 ADVANCE 
diffractometer with a LynxEye position sensitive detector (PSD). The X-ray source was a 
Copper K-α1 at 1.54 Å at 40 kV and a current of 40mA. The sample scan range was 5-55 
degrees 2θ with a step size of 0.020° at a rate of 2 seconds per step. Data processing was 
conducted using Bruker’s EVA software.  
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Figure S7.8. Powder X-ray diffraction pattern of 1 showing the experimental (top black) and experimental 
(bottom red) spectra. 
Figure S7.9. Powder X-ray diffraction pattern of 2 showing the experimental (top black) and experimental 
(bottom red) spectra. 
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Figure S7.10. Powder X-ray diffraction pattern of 3 showing the experimental (top black) and experimental 
(bottom red) spectra
 
Table S7.0.1. Crystal data and structure 
refinement for 1 at 100 K. 
Empirical 
formula  
C67.5H72Fe2I4N18O4.5  
Formula weight  1826.73  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.670(3)  
b/Å  17.812(4)  
c/Å  18.137(4)  
α/°  84.63(3)  
β/°  68.22(3)  
γ/°  68.01(3)  
Volume/Å3  3797.4(17)  
Z  2  
ρcalcg/cm3  1.598  
μ/mm-1  2.066  
F(000)  1806.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for 
data collection/°  
2.422 to 49.994  
Index ranges  
-16 ≤ h ≤ 16, -21 ≤ k ≤ 
21, -21 ≤ l ≤ 21  
Reflections 
collected  
47410  
Independent 
reflections  
12218 [Rint = 0.0481, 
Rsigma = 0.0371]  
Data/restraints/p
arameters  
12218/14/903  
Goodness-of-fit 
on F2  
1.061  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0802, wR2 = 
0.1916  
Final R indexes 
[all data]  
R1 = 0.1038, wR2 = 
0.2071  
Largest diff. 
peak/hole / e Å-3  
2.50/-2.22  
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Table S7.2. Crystal data and structure 
refinement for 2 at 100 K.  
Empirical 
formula  
C69H66F4Fe2I6N18O
6  
Formula weight  2192.49  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  21.452(4)  
b/Å  16.272(3)  
c/Å  22.632(5)  
α/°  90  
β/°  106.37(3)  
γ/°  90  
Volume/Å3  7580(3)  
Z  4  
ρcalcg/cm3  1.921  
μ/mm-1  2.900  
F(000)  4240.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for 
data collection/°  
3.19 to 56.562  
Index ranges  
-28 ≤ h ≤ 28, -21 ≤ 
k ≤ 21, -30 ≤ l ≤ 30  
Reflections 
collected  
59341  
Independent 
reflections  
8902 [Rint = 
0.0351, Rsigma = 
0.0235]  
Data/restraints/p
arameters  
8902/30/499  
Goodness-of-fit 
on F2  
1.059  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0801, wR2 = 
0.2069  
Final R indexes 
[all data]  
R1 = 0.0901, wR2 = 
0.2159  
Largest diff. 
peak/hole / e Å-3  
1.56/-3.01  
 
Table S7.3. Crystal data and 
structure refinement for 3 at 100K.  
Empirical 
formula  
C74H60Fe2I6.03
N18O9.13  
Formula weight  2223.67  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  9.5200(19)  
b/Å  20.963(4)  
c/Å  21.880(4)  
α/°  81.51(3)  
β/°  86.14(3)  
γ/°  80.33(3)  
Volume/Å3  4253.2(16)  
Z  2  
ρcalcg/cm3  1.736  
μ/mm-1  2.591  
F(000)  2149.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for 
data collection/°  
1.884 to 55  
Index ranges  
-12 ≤ h ≤ 12, 
-27 ≤ k ≤ 27, 
-28 ≤ l ≤ 28  
Reflections 
collected  
65428  
Independent 
reflections  
18178 [Rint = 
0.0560, Rsigma 
= 0.0493]  
Data/restraints/p
arameters  
18178/131/10
29  
Goodness-of-fit 
on F2  
1.037  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.1114, 
wR2 = 0.3103  
Final R indexes 
[all data]  
R1 = 0.1158, 
wR2 = 0.3149  
Largest diff. 
peak/hole / e Å-3  
5.34/-2.81  
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Chapter Eight - Halogen Substitution in a Series of Spin Crossover Fe(II) 
Dinuclear Triple Helicates: The Influence of Hydrogen Bonding on The 
Observed Anion Dependant Spin-Switching.  
8.1 Abstract  
Presented herein are the effects of halide counter ion substitution (Cl-, Br- and I-) in a spin-
crossover (SCO) dinuclear triple helicate system. Both 2 and 3 (Br- and Cl- salts respectively) 
presented an incomplete single-step transition, while 1 (I-) displayed a two-step, incomplete 
spin-transition with an accompanied single-crystal-to-single-crystal phase change. Compounds 
2 and 3 possessed hydrogen-bonding interactions between helicates, linking them into a 1D 
chain and 2D supramolecular network respectively, while 1 showed no such interactions. 
Crystallographic analysis demonstrated that the N-H…X- contact distance (X = Cl-, Br- or I-) 
grew with increasing halide size-, and Hirshfeld surface analysis was employed to confirm that 
hydrogen-bond strength decreased in this order. Magnetic susceptibility measurements showed 
that the critical temperature (T1/2) increased with halide size, the stronger N-H
…X- interactions 
possibly decreasing the ligand field splitting, lowering the transition temperature of SCO. That 
is, a relationship was observed between the hydrogen-bond acceptor strength and T1/2 value. 
Furthermore, this trend was also observed in an analogous dinuclear triple helicate series of I-, 
Br- and Cl- salts which differ by the steric nature of the ligand (Z = C, or S). These results 
confirm the results of chapter six on the effects of halide hydrogen-bonding in an analogous 
helicate series (Z = O), demonstrating that this trend is common across all three-analogous 
series of this compound. The effect of solvent loss during magnetic susceptibility measurement 
is also presented. 
8.2 Introduction 
In the presence of a correctly tuned ligand field, d4-d7 transition metals can experience a 
switching between the entropy favoured high-spin (HS) and enthalpy favoured low-spin (LS) 
states1–4 with thermal, pressure or light perturbations, in a process referred to as spin-crossover. 
The manner in which this phenomenon occurs can be easily manipulated with subtle changes 
to the chemical system, and it has been the focus of a depth of the literature to synthetically 
manipulate SCO materials, and more importantly, to understand the origin these changes.5–8 
The ultimate aim of these studies, is the ability to reliably predict SCO properties in solid-state 
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materials, as they have shown potential for applications in sensing, data storage and 
display.3,4,8–11   
By far, SCO complexes consisting of Fe(II) are the most commonly studied, owing to the d6 
electronic configuration that experiences the largest change in the magnetic moment upon 
switching between the LS 1A1 (S = 0) and HS 
5T2 (S = 2) states. The FeN6 coordination 
environment frequently affords SCO in Fe(II) complexes for molecules of various 
nuclearity.1,12–16  
Non-covalent intermolecular interactions have been shown to be responsible for a variety of 
properties in the spin-transition of a compound in the solid-state.17,18 In more isolated systems, 
the spin-transition adheres to Maxwell-Boltzmann distribution statistics and a more regular 
sigmoidal spin-transition occurs.19 Alternatively, cooperative transitions induced by non-
covalent contacts that can effectively propagate the large distortions in molecular units 
throughout the lattice with SCO, can produce more abrupt transitions, or transitions with a 
thermally induced hysteresis in solid-state SCO materials.5,20–27  
In the design of discrete molecular SCO compounds, the addition of hydrogen bond 
donors/acceptors toward either the interior28 or the exterior29–34 of the molecule, as well as the 
addition of long alkyl chains35–37 or external π-systems,29 can be implemented to induce 
cooperative interactions.  The 4-imidazoleimine moiety has demonstrated hydrogen-bonding 
capabilities, a direct result of the tendency for the 4-position N-H to be directed toward the 
molecules exterior.38 More specifically to the study at hand, when applied to a dinuclear triple 
helicate architype of the form [M2L3], the 4-imidazoleimine group is fixed to the periphery, 
promoting hydrogen-bonding throughout the lattice.14,39–41 Although, the conformational 
distortion required of the coordination sphere at the two SCO metal centres in a dinuclear triple 
helicate architecture, in transitioning from the [HS-HS] ↔ [LS-LS] state, greatly restricts the 
cooperative nature of the observed spin-transitions. The semi-rigid ligands often utilised in the 
self-assembly of this architecture, as well as the close packing behaviour stabilized by the 
helical shape (see chapters six and seven), tend to favour the stabilisation of the [HS-LS] state 
at low temperatures. This is due to steric constraints of the second Fe(II) coordination 
environment, preventing the [LS-HS] ↔ [LS-LS] (also see chapters five and six).14,39,41,42 To 
the best of our knowledge only four dinuclear triple helicates have been published with a 
complete [HS-HS] ↔ [LS-LS] transition.43,44 Further investigation into SCO helicates that 
possess a full two Fe(II) SCO is warranted, as these properties present greater promise in future 
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applications.43 The dinuclear triple helicate architecture has also shown promise in the binding 
of DNA in anticancer and antibacterial studies.45–48  
Herein, this study presents a comparison of the nature and effects of hydrogen-bonding 
interactions in a series of halide counterion substituted dinuclear triple helicates of the form 
[Fe2L13]X4 (where X
- = I- (1), Br- (2) or Cl- (3) and L is the ditopic ligand shown in Figure 8.1). 
The effect of hydrogen-bonding is described as a function of halide counter ion size. Physical 
properties are discussed with respect the modification of the size and hydrogen-bond acceptor 
strength across the series of halide anions. The role of N-H…X- interactions was studied using 
magnetic susceptibility, X-ray crystallography and computationally with an isosurface and 
topological analysis. The results show a relationship between the strength of the N-H…X- 
contacts and the transition temperature (T1/2). Similar trends observed in another series of I
-, 
Br-and Cl- salts of an analogous dinuclear triple helicate that differs by the steric nature of L2 
(compounds 4 (I-), 5 (Br-) and 6 (Cl-) - see Figure 8.1), and compare these results to a similar 
trend observed in chapter five on the I-, Br- and Cl- salts of an analogous Z = O helicate, 
demonstrating that these relationships are applicable across these three analogous helicate 
systems. Furthermore, the effect of solvent loss during magnetic susceptibility experiments is 
also analysed in regards to this series 
 
 
 
Figure 8.1. Schematic representation of the ditopic ligands L1 and L2 used in the synthesis of two dinuclear triple 
helicate architectures in this study.  
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8.3 Discussion 
8.3.1 Synthesis 
The ligand L1 was synthesised as per our previously reported work (chapter four) on a series 
of analogous dinuclear triple helicate structures.41 Similarly, 1 was explored in chapter seven, 
where the synthesis and characterisation can be found. Compounds 1 and 3-6 were synthesised 
by a 2:3 stoichiometric dropwise addition of FeI2, FeBr2 or FeCl2 respectively into a methanolic 
solution of L1 (for 1-3) or L2 (for 4-6) repsectively. The solution was heated at 70⁰C and stirred 
for 2 hours before cooling and subsequent filtration. A vapour diffusion of diethyl ether into 
the methanolic solution yielded single-crystals used in magnetic susceptibility and diffraction 
experiments. For 2, Two equivalents of Fe(ClO4)2.6H2O was added to a solution of three 
equivalents of L in acetonitrile and stirred. Twenty equivalents of tertbutylammonium bromide 
was added and the resulting orange precipitate was filtered and dried. This was then dissolved 
in methanol, filtered and subjected to a diethyl ether diffusion to yield crystals suitable for all 
experiments below.  
   
8.3.2 Magnetic Susceptibility Studies 
Magnetic susceptibility measurements of 1 were described in detail in our recent work. These 
results can also be seen in Figure 8.2. At room temperature, the χmT value of 2 is equal to 7.17 
cm3K-1mol-1, indicating that Fe(II) ions are in the HS S =2 state [HS-HS]. As T is lowered, χmT 
gradually decreases in a single-step due to a spin-transition from the HS ↔ LS state, reaching 
a slight plateau at 2.56 cm3K-1mol-1 at 72 K, passing through an inflexion point at 195 K (Figure 
3). At this point, the spin-transition is incomplete, with ca. 35% of Fe(II) centres remaining in 
the HS state.  Between 70 and 30 K the magnetic susceptibility undergoes a slight decrease, 
which may be attributed to weak antiferromagnetic interactions between paramagnetic spin 
centres.  Below 30 K the χmT value decreases sharply to 2.04 cm3K-1mol-1 at 10 K. Again, this 
can be attributed to zero-field-splitting behaviour as a result of spin-orbit coupling of the HS 
Fe(II) ions, and the preference for Boltzmann population of the lowest levels at lower 
temperatures.  Upon heating, the spin-transition profile remains almost identical to the cooling 
mode. Although, after heating to 350 K, the proceeding cooling cycle is more gradual, with a 
T1/2 of 180 K, reaching a plateau at around 60 K, at which point the χmT value is equal to 3.57 
cm3K-1mol-1. Here, approximately 50% of the Fe(II) centres have undergone a spin-transition. 
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After heating to 400 K, above the boiling point of MeOH, the LS-state is destabilised, and the 
profile remains constant during the proceeding heating cycles.  
 
Figure 8.2. Magnetic susceptibility χmT vs T of 1 between 10 and 400 K. Inserts on the bottom and top right 
corners show the first derivative of χmT with T for the cycles 350-10 and 400-10 K respectively. Red and black 
curves demonstrate the effect of solvent loss on the on the nature of the spin-transition. 
The spin-transition profile of the chloride complex, 3, is very similar in nature to that of the 
bromide analogue 2 (see Figure 8.3). The room temperature χmT of 7.16 cm3K-1mol-1 again 
suggests [HS-HS] Fe(II) centres.  Cooling of the sample results in a steady decrease to 2.90 
cm3K-1mol-1 at 65 K, before reaching a small plateau symptomatic of an incomplete spin-
conversion, at which point roughly 60% of the Fe(II) centres now occupy the LS S = 0 state. 
The T1/2 for the spin-transition is 188 K. As above, the χmT drops very slightly until around 30 
K as a result of weak antiferromagnetic interactions between paramagnetic centres, after which 
it falls sharply towards 2.04 cm3K-1mol-1 at 10 K as a result of zero-field-splitting. Heating to 
350 K resulted in an almost identical spin-transition curve. On the other hand, upon heating the 
sample to 400 K, the subsequent cooling cycle demonstrated a more gradual decrease in χmT 
(T1/2 = 180 K), reaching a plateau of 3.78 cm
3K-1mol-1 at 70 K. Here, c.a 50% of the Fe(II) 
centres remain LS. The small plateau again falls sharply after 30 K to 3.02 cm3K-1mol-1 at 10 
K. As for the bromide analogue above, it appears loss of solvent molecules destabilises the 
[LS-LS] state, resulting in a more stable [LS-HS] form of the helicate, or a 50-50 mixture of 
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the [LS-LS] and [HS-HS] helicates. Destabilisation of the LS-state and reduction of the critical 
temperature upon solvent loss has been previously reported by various laboratories.42,49–52   
 
 
Figure 8.3. Magnetic susceptibility χmT vs T of 2 (top) and 3 (bottom) between 10 and 400 K. Four cycles are 
shown, demonstrating the effect of desolvation on the shape of the SCO profile.  
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8.3.3 Magento-Structural Correlation 
Single-crystal X-ray diffraction experiments were performed on 1 at 100 and 150 K. At 100 K, 
1 crystallises in the triclinic space group P1. Magnetic data (Figure 8.2) suggests that at 100 
K, around 30-35 % of Fe(II) centres are trapped in the HS state. Similarly, single-crystal 
diffraction parameters at 100 K, with ∑ of 72.026 and 64.926⁰ and average Fe-N distances of 
2.0588 and 2.0048 Å (Table 8.1), confirms that one Fe(II) centre is in the LS state and the other 
is exhibiting a mixed HS/LS-state population (MS). In the assymetirc unit, four methanol 
solvent molecules are present, and upon heating to 350 K, and then 400 K, such solvent 
molecules may have been lost. In this case, desolvation produces a two-step spin transition that 
is slightly more abrupt in nature (c.a 60 K). There are two I-…H-N interactions between Iodide 
anions and the 4-position, non-coordinating, N-H of the external imidazole moiety, and four 
CH3HO
…H-N hydrogen-bonding interactions per helicate. On the other hand, there are no 
appreciable hydrogen-bonding interactions between neighbouring helicates. Two edge-to-face 
π-π intrahelical interactions are present, and helicates are connected along the c-axis by 
imidazole-to-imidazole and imidazole-to-benzene edge-to-face π-interactions. More detailed 
tables of crystallographic analysis can be found in the supporting information (section 8.7). 
On the other hand, at 150 K, 1 exhibits a new symmetry, the monoclinic C2/c space group, and 
one Fe(II) centre is present in a mixed LS/HS-state population in the asymmetric unit. Such a 
phase change corresponds nicely with, and can often be expected from, the two-step profile in 
the magnetic susceptibility measurements. The measured octahedral distortion (∑ = 70.887⁰) 
and average Fe-N bond length (2.079 Å) suggest that the single Fe(II) centre present in the 
asymmetric unit occupies a mixed HS/LS state population, which again complements the 
observed magnetic susceptibility value.  Intermolecular interactions within the asymmetric unit 
remain the same, with two I-…H-N and four CH3HO
…H-N hydrogen-bonding interactions. The 
helicates in the triclinic 100 K structure pack in sheets along the b/c-plane (Figure 8.4), with 
adjacent sheets packing one atop the next along the a-axis in a slightly offset manner so as to 
stagger the Fe(II) centres of the adjacent layers. Alternatively, in the monoclinic structure at 
150 K, neighbouring helicates pack in an undulating manner along the b-axis (Figure 8.5). 
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Table 8.1. Crystallographic parameters of the compounds 1-3.  
 1 2 3 
Temperature 
(K) 
100 150 100 RT 
 
100 RT 
∑ (⁰) Fe01 – 72.03 
Fe02 – 64.93 
Fe01 – 70.89 Fe01 – 60.19 
Fe02 – 71.61 
Fe01 – 75.94 
Fe02 – 96.75 
Fe01 – 
59.373 
Fe02 – 56.83 
 
Fe01 – 87.76 
Fe02 – 85.52 
Average 
Fe(II)-N 
distance (Å) 
Fe01 - 2.06 
Fe02 – 2.01 
Fe01 – 2.08 Fe01 – 2.00 
Fe02 - 2.13 
Fe01 – 2.17 
Fe02 – 2.18 
Fe01 – 1.99 
Fe02 – 1.99 
 
Fe01 – 2.18 
Fe02 – 2.19 
Spin state of 
Fe(II) 
[LS-MS] MS [LS-MS] [HS-HS] [LS-LS] [HS-HS] 
Space group P1 C2/c Cc Cc P1 C2/c 
Intermolecular 
interactions 
4 x 
MeOH…HN 
imidazole-to-
imidazole and 
imidazole-to-
benzene π-
interactions 
4 x 
MeOH…HN 
imidazole-to-
imidazole and 
imidazole-to-
benzene π-
interactions 
6 x N-H…Br- 
2D network 
along the a/c-
plane 
6 x N-H…Br- 
2D network 
along the a/c-
plane 
4 x Cl-…H-N 
1 x 
MeOH…H-N 
1D chain 
along the c/b-
plane 
 
6 x Cl-…H-N 
2D sheets along 
the c/b-plane 
 
Number of 
intramolecular 
edge to face π 
interactions 
2 2 2 1 2 2 
Solvent 
molecules 
4.75 x MeOH 2.5  x MeOH 3 x MeOH 
1 x H2O 
3.5 x H20 1.5 x MeOH 
7 x H20 
1.5 x H20 
C-X-C angle 
(where X = 
CH2, S or O) 
(⁰) 
115.01 114.23 114.90 113.52 114.86 115.31 
Intrahelical-
separation (Å) 
11.48 11.52 11.59 11.79 11.41 11.76 
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Figure 8.4. Schematic representation of 1 at 100 K, displaying the crystal packing arrangement. Solvent molecules 
and counterions have been excluded for clarity. 
 
Figure 8.5. Crystal packing in 1 at 150 K. The crystallographic b-axis runs across the page. 
At 100 K, single crystals of 2 crystallise in the monoclinic Cc space group. A single helicate is 
present in the asymmetric unit, with the one Fe(II) centre present in the LS-state and the other 
in a mixed MS state (∑ = 60.188 and 71.613⁰, average Fe-N = 1.997 and 2.125 Å). Three 
MeOH and one water molecule are present in the asymmetric unit, and upon heating to 400 K, 
such solvent molecules may have been lost. This is evident in DSC analysis (Figure S8.13). In 
this case, it seems desolvation may prevent access to the [LS-LS] state, and trap one Fe(II) 
centre in the HS state, resulting in a higher residual HS fraction at low temperatures. At 298 K, 
2 retains a monoclinic symmetry and possesses six Br-…H-N hydrogen-bonding interactions 
(Figure 8.6). Adjacent helicates are linked in a 2D supramolecular network along the 
crystallographic a/c-plane (Figure 8.7). Octahedral distortion and average Fe-N coordinate 
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bond lengths (∑ = Fe01 – 75.941, Fe02 – 96.748⁰, average Fe-N = Fe01 – 2.174, Fe02 – 2.179 
Å) confirm that at 298 K the [HS-HS] spin isomer is present.   
 
 
Figure 8.6. Schematic representation of 2 depicting the six Br-…H-N hydrogen-bonding interactions that create a 
2D network of hydrogen bonding throughout the structure. Hydrogen-bonds are represented by blue broken lines. 
Solvent molecules have been excluded for clarity. 
 
 
Figure 8.7. Schematic representation of the Br- mediated hydrogen-bonding interactions in 2, demonstrating the 
formation of supramolecular two-dimensional sheets along the a/c-crystallographic plane. Solvent molecules have 
been excluded. 
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At 100 K, 3 crystallises in the triclinic space group P1. Water and methanol solvent molecules 
of crystallisation are present within the crystal lattice and partial desolvation with thermal 
cycling in magnetic susceptibility measurements, as above, is most likely responsible for the 
destabilisation of the [LS-LS] state with heating to 400 K (as seen in DSC results Figure S8.14). 
At 298 K the crystallographic parameters in Table 8.2 again correlate well with magnetic 
susceptibility measurements, the Fe(II) centres of the compound occupying the [HS-HS] state. 
Chloride counter ions mediate intermolecular interactions forming chains along the c/b-plane 
(Figure 8.8). 
 
Figure 8.8. Schematic representation of the hydrogen-bonding interactions in the crystal lattice of 3 at 100 K. 
Solvent molecules have been excluded for clarity.  
Table 8.2 highlights the progressive elongation of the X-…H-N contacts with increased anionic 
radius. On the other hand, the Fe…Fe intrahelical distances remain similar throughout the series. 
The varied response of inter- and intrahelical Fe…Fe distances with anionic radius suggests that 
the steric nature of the halide counter ion has little effect on the separation of Fe(II) SCO 
centres. 
Of the crystallographic parameters presented in Table 1, the major discrepancy between crystal 
structures of the three compounds are the formation of hydrogen-bonding interactions between 
adjacent helicates. Across the halide series, I-, Br- to Cl-, the anion volume decreases and the 
electronegativity increases.34 As a result, the iodide anion is a much weaker hydrogen-bond 
acceptor than the smaller bromide and chloride anions.  The absence of any form of a hydrogen-
bonding intermolecular network in 1, and the presence of such networks in 2 (Figure 8.7) and 
3 (Figure 8.8), may be a contributing factor in the need for crystals of 1 to undergo a phase 
change in order to enter the [LS-LS] state. Intermolecular interactions in 2 and 3 between 
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neighbouring helicates may assist in cooperative deformation of the SCO Fe(II) centres, 
making the [HS-HS] and [LS-LS] states of the crystal lattice slightly closer in energy than for 
that of 1, where the lack of such interactions may result in stabilisation of the [LS-HS] 
intermediate state. In this manner, hydrogen-bonding interactions, or more correctly the lack 
thereof, may be the origin of the two-step profile in 1, while being absent in 2 and 3.   
 
Table 8.2. Average halogen bond distances X…H-N (X = I-, Br- or Cl-) and Fe…Fe separation as a function of 
anionic radius in the single-crystal structures of 1, 2 and 3. 
 1 2 3 
Temperature 
(K) 
100 100 100 
X…N-H 
distance (Å) 
3.588 3.301 3.0155 
Intrahelical 
Fe…Fe 
separation 
(Å) 
11.477 11.594 11.409 
Closest 
interhelical 
Fe…Fe 
separation 
(Å) 
7.284 7.558 7.468 
r(X-)a 201.5 178.8 163.5 
                                     aValues in pm.53 
In each of the 100 K structures, X-…H-N interactions are present between halide counter ions 
and the distal non-coordinating N-H of the imidazole groups that are positioned towards the 
exterior of the helical assembly. The strength of these hydrogen bonding interactions is 
inversely proportional to the size of the halide ion.54 Stronger hydrogen-bonding interactions 
with the moiety that is directly coordinating the SCO active Fe(II) centres may cause a charge 
redistribution on the ligands, consequently altering the ligand field spitting energy at the Fe(II) 
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centre.9,30,55–58 Such an effect was presented by Shores and co-workers, in which successful 
anion binding increased the ligand field strength resulting in a HS→LS transition.9,57 When the 
T1/2 values of the solvated samples are compared (Table 8.3), the observed T1/2 values are 
proportional to the halide anion size. A lower T1/2 value is indicative of a weaker ligand field, 
as in the simplest model, the energy to pair electrons in the 3d T2g orbitals becomes greater 
with increased ligand field splitting. The observed trend in Table 8.3suggests that in this series 
of halide anions, the stronger the hydrogen-bond acceptors produce a spin-transition with a 
lower T1/2 value, and thus decrease the ligand field. It must also be taken into account, that after 
desolvation, the induced two-step transition in 1 and the similar T1/2 of 2 and 3 indicates that 
solvent molecules of crystallisation cannot be excluded from such a discussion, as these are 
also involved in hydrogen-bonding at the imidazole N-H.  
 
Table 8.3. Comparison of T1/2 values of magnetic susceptibility measurements before and after desolvation of 
compounds 1, 2 and 3.  
T1/2 (K) 1 2 3 
Solvated 217  195 188 
Desolvated 172 and 86 180 180 
 
Furthermore, an analogous trend was observed in the work of shores et al.,32 where the Br- and 
I- salts of a [FeL6-OH]X2 complex, incorporating a tris{4-[(6-methanol)-2-pyridyl]-3-aza-3-
butenyl}amine ligand, where hydrogen-bonding takes place between anions and the external 
ligand alcohol groups, demonstrated a similar dependence of T1/2 with anion hydrogen-bonding 
strength. The Br- salt exhibited a transition temperature 32 K lower than that of the I- analogue. 
These results correlate with our observation that the weaker intermolecular hydrogen-bond 
acceptors in this study lead to a higher T1/2 value. In an investigation presenting a similar trend 
observed in a series of halide salts of the form [Fe(trim)2]X2, Tuchagues and co-workers 
proposed qualitatively that the hydrogen-bonding counter ion may have an inductive effect on 
the on the imidazole ring. Consequently, the hydrogen-bonding and charge density of the anion 
can alter the electron density of the imidazole group, influencing the basicity of the coordinate 
bond donor nitrogen atoms.59 They proposed that the hydrogen-bonding interaction at the 4-
position N-H would diminish the electron density of the of the donor nitrogen, and as a result, 
reduce the Fe-N bond strength. Consequently, the T1/2 value would be expected to fall to lower 
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temperatures with stronger hydrogen-bonding interactions. It seems this study may be further 
evidence of such an effect. 
The role of intermolecular interactions can be effectively visualized and quantified utilising 
Hirshfeld surfaces.60,61 This refers to the computated isosurface for which any electron density 
within the surface consists largely of the contribution of the considered molecule. In contrast 
electron density outside the surface is dominated by the remainder of the crystal lattice. The 
parameter dnorm is useful in visualising significant intermolecular interactions, and comprises 
of two parameters that describe the distance from the isosurface of an atom in question, di, if 
the atom is inside the surface, and de if the atom is outside.
62 A 2D fingerprint map can then be 
generated using the di/de couple, which are indicative of intermolecular interactions.
61,63 The 
parameter dnorm equates to zero when the sum of di and de is equal to the sum of the van der 
Waals radii of the atoms in question. Strong intermolecular interactions are depicted as red 
regions on the Hirshfeld surface and indicate regions in which the value of dnorm is negative, i.e 
the sum of di and de is less than the sum of the van der Waals radii. The colour stretches from 
neutral to white to red in increasing surplus electron density. 
The Hirshfeld plots in Figure 8.9 below are calculated for 1, 2 and 3 at 100 K using the program 
Crystal Explorer.64 The Hirshfeld surfaces display red regions representing hydrogen-bonding 
at the imidazole N-H donor site between MeOH solvent and halide anion acceptors. The 
strength of the hydrogen-bonding interactions is indicated by darker shades of red on the 
isosurface. Figure 8.9 illustrates that the strength of the halide-to-imidazole (X-…H-N) 
interactions is inversely proportional to the halide size, with I- having only weakly red Hirshfeld 
contacts with the N-H group, Br- showing slightly darker red regions and Cl- exhibiting the 
darkest areas on the isosurface. The solvent interactions are also observed to be quite strong, 
and more prominent in 1 than either of 2 or 3 (more solvent molecules participate in hydrogen-
bonding with N-H of imidazole – see Table 8.1), which may help to explain the more severe 
change in SCO with desolvation in the I- salt, whereas 2 and 3 show greater stability with 
solvent loss. 
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Figure 8.9. Calculated Hirshfeld surfaces for the cationic units of 1, 2 and 3 at 100 K with the strongest 
intermolecular contacts in red. a), b) and c) show the Hirshfeld isosurface and 2D fingerprint map of 1, 2 and 3 
respectively, displaying the nature and identity of the strongest interactions within the crystal lattice. The increase 
in strength of the X-…H-N interactions with decreasing halide size is apparent. Points on the fingerprint plot with 
no contribution to the map are coloured white, while those that do contribute are coloured blue and light blue with 
increasing contribution.  
 
Br-…H-N 
H-O…H-N 
I-…H-N 
H-O…H-N 
Cl-…H-N 
H-O…H-N 
a) 
b) 
c) 
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Analogous compounds to 1-3 were further studied to identify the extent of the perceived trend 
in magnetic susceptibility with halide anion substitution. For the three new helicates utilising 
the ligand L2, which differs only in the steric nature of L (see Figure 8.1), a similar trend was 
again observed, the T1/2 values decreasing with hydrogen-bond strength for the compounds 4-
6 (Table 8.4). For the two-step transition of compound 5 (the Bromide salt), the minimum of 
the first derivative for χmT vs T between the two T1/2 values (maxima of the first derivative of 
χmT vs T) was taken as the average T1/2 of the transition. These results follow a similar trend to 
1-3, as well as those reported in chapter six above, on an analogous series of halide SCO 
helicates, for which the observed T1/2 values are also shown in Table 8.4. As can be seen in 
Figure 10, an analogous trend emerges in the values of the critical temperatures for the three 
sets of analogous halide anion materials. The trend in T1/2 as a function of anionic radii follows 
a similar shape in the three systems (Figure 8.10), with the critical temperatures of the L2 
system shifted to higher temperatures. Crystallographic details of the compounds 4-6 can be 
found in the supporting information and in Table 8.5.  
 
Table 8.4. The T1/2 values for the halide salts of two separate helicate systems utilizing L1 and L2, as well as a 
previously reported analogous series utilising the -O- helicate architecture.  
T1/2 Cl-  Br- I- 
-C- (L1) 188 195 217 
-S- (L2) 255 265 (plateau of 1st 
derivative) 
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-O- (previously 
reported) 
paramagnetic 157.5(plateau of 1st 
derivative) 
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The observed trend throughout these two series of helicates indicates that the spin-transition of 
these compounds can be subtly ‘tuned’ by anion substitution. The hydrogen-bonding 
interaction of the halide anions with the coordinating 2,4-imidazole moiety may inductively 
impose an electronic redistribution within this chemical group, and as a result, change the 
ligand field experienced at the Fe(II) centres. In this case, the movement of T1/2 to lower 
temperatures with stronger X-…H-N interactions, suggests the effect is to decease the ligand 
field. If the origin and the mechanism of such an effect could be well understood, this would 
open up the possibility of systematically, and reversibly, manipulating the SCO of analogous 
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compounds utilising intermolecular interactions, with no change to the chemical architecture 
of the SCO complex itself.  
 
Figure 8.10. Graphical representation of the observed change in T1/2 of compounds 1-6 as a function of the anionic 
radii of I-, Br- and Cl- counter ions. Red indicates the helicate compounds 1-3 utilising the ligand L1 and black 
represents those consisting of L2. Three analogous compounds have also been shown, I(O), Br(O) and I(O), from 
chapter six, and these are shown in blue.  
Table 8.5. Crystallographic parameters of the compounds 4-6. 
 4 5 6 
Temperature (K) 100 K 100 K 100 K 
∑ (⁰) Fe01 – 59.21 
Fe02 – 57.87 
Fe01 – 98.89 
Fe02 – 58.05 
Fe03 – 101.99 
Fe04 – 70.50 
Fe01 – 90.74 
 
Average Fe(II)-N distance 
(Å) 
Fe01 – 1.99 
Fe02 – 1.98 
Fe01 – 2.20 
Fe02 – 1.98 
Fe03 – 2.19 
Fe04 – 2.03 
Fe01 – 2.20 
 
Spin state of Fe(II)  [LS-LS] [HS-LS], [HS-LS] HS 
Space group  P1 P21/n C2/c 
Intermolecular interactions 1 x MeOH…HN 
5 x I-…H-N 
chains of two helicates 
along the c-axis mediated by 
5 x I-…H-N 
3 x Br-…H-N 
3 x MeOH…H-N 
2D-sheet along b/c-plane 
mediatedby Br-…H-N 
6 x Cl-…H-N 
2D-sheet along a/b-plane 
mediatedby Cl-…H-N 
Number of intramolecular 
edge to face π interactions 
4 2 0 
Solvent molecules 2 x MeOH 
1 x H2O 
1 x MeOH 
6 x H2O 
2.25 x H20 
C-X-C angle (where X = CH2, 
S or O) (⁰) 
104.36 105.31 103.36 
Intrahelical-separation (Å) 11.62 11.76 11.51 
150 160 170 180 190 200 210 220
0
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8.4 Conclusion 
In conclusion, this investigation presents the effects of halide counter ion substitution in two 
analogous series of SCO dinuclear triple helicates, that show a dependence of the T1/2 value 
with hydrogen-bond strength. Compound 1 displayed a two-step incomplete spin-transition as 
well an associated phase change, while both 2 and 3 demonstrated an incomplete single-step 
transition. Single-crystal X-ray diffraction experiments showed that Compounds 2 and 3 each 
possessed hydrogen-bonding interactions between helicates, linking them into a 1D and 2D 
supramolecular network respectively. Conversely 1 did not show any form of hydrogen-
bonding network. It was proposed that the lack of any form of hydrogen-bonding network 
connecting the coordinating imidazole groups in 1 prevents an effect cooperative distortion of 
the coordination environment at the second Fe(II) SCO centre, and that this may be responsible 
for the stabilisation of the [LS-HS] state, and therefore, the two-step spin-transition in this 
compound. 
The nature and effects of hydrogen-bonding interactions in compounds 1-3 were examined 
with respect to the anion size and hydrogen-bond acceptor ability and this was subsequently 
related to the results of magnetic susceptibility measurements. The N-H…X- distance (X = Cl-, 
Br- or I-) was found to grow with increasing radius of X-, and as a result, the hydrogen-bond 
strength decreased in this order. The hydrogen-bonding interactions were studied 
computationally by means of Hirshfeld surface analysis, that showed the N-H…X- contacts 
becoming stronger with decreased halide size. Further, it was observed that the transition 
temperature (T1/2) values increased with halide size. The stronger N-H
…X- interactions at the 
exterior 4-position of the imidazole group, coordinated at the 2-position, may inductively 
decrease the ligand field splitting, resulting in a lower transition temperature of SCO. That is, 
a link was observed between the hydrogen-bond acceptor strength and T/12 value. The 
compounds 4-6 followed a similar trend in the T1/2 values with hydrogen-bond strength, as did 
an analogous series of three dinuclear helicates presented in chapter six—that is a total of nine 
helicate compounds showing a similar trend—suggesting that this observed supramolecular 
electronic effect may be applicable to similar dinuclear triple helicate systems utilising the 2,4-
imidazoleimine donor moiety and hydrogen-bonding counterions. In such a manner, the SCO 
of these compounds can be subtly tuned utilising more easily altered supramolecular 
interactions.  
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8.5 Materials and Methods 
All reagents and solvents were purchased from commercial sources, with no further 
purification being undertaken. 1H NMR spectra were recorded on a Bruker 400 MHz 
spectrometer (Bruker AXS GmbH, Karlsruhe, Germany). High resolution ESI-MS data were 
acquired using a Waters Xevo QToF mass spectrometer (Waters, Milford, MA, USA), 
operating in positive ion mode with a desolvation temperature of 120⁰C, desolvation gas flow 
of 450⁰C and varying sample and extraction cone temperatures. A waters lock spray system 
was used to calibrate the high-resolution masses. DSC and TGA measurements were performed 
using a simultaneous thermal analysis (STA) 449 C Jupiter instrument (Netzsch Australia Pty 
Ltd., Sydney, Australia). The STA measurements were performed using an aluminium 
crucible; argon was used as both the protective and purge gases, and the temperature range of 
30–200 °C was cycled at a rate of 10·K·min−1. 
 
8.5.1 Preparation of 1-6 
FeI2 or FeCl2 in methanol was slowly added to a methanolic suspension of L in a 2:3 ratio. The 
reaction mixture was heated at 70 °C and stirred for 2 h, leading to a clear orange solution. The 
solution was filtered, followed by a slow diffusion of diethyl ether, resulting in the formation 
of single-crystals of 1 or 3. The compounds 4-6 were synthesised in the same manner using L2. 
Complex 2 was synthesised by means of anion exchange, whereby the addition of Fe(ClO4)2 
to L was followed by the addition of tertbutylammonium bromide in large molar excess (5Br- 
: 1ClO4). The resulting precipitate was filtered and dried, dissolved in methanol before filtering 
once more, and, similar to above, the slow diffusion of diethyl ether produced single-crystal 
X-ray diffraction quality crystals.  
1: Yield 63%. ESI-HRMS (positive ion detection, MeOH): [Fe2(L1)3]
3+, 293.5881 m/z; 
[Fe2L
1
3]
2+ 586.1685; STA – 2.14% solvent loss. 
2: Yield 49%. ESI-HRMS (positive-ion detection, MeOH): [Fe2(L1)3]
2+ 586.1685 m/z; STA - 
3.21% solvent loss. 
3: Yield 44%. ESI-HRMS (positive-ion detection, MeOH): [Fe2(L1)3]
2+ 586.1641 m/z; STA – 
7.78% solvent loss. 
4: Yield 74%. ESI-HRMS (positive-ion detection, MeOH): [Fe2(L2)3]
2+ 613.1030 m/z; STA – 
2.95% solvent loss. 
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5: Yield 40%. ESI-HRMS (positive-ion detection, MeOH): [Fe2(L2)3]
2+ 613.0204 m/z; STA – 
4.18% solvent loss. 
6: Yield 32%. ESI-HRMS (positive-ion detection, MeOH): [Fe2(L2)3]
2+ 613.0204 m/z; STA – 
5.48% solvent loss. 
 
8.5.2 X-ray Crystallography  
The X-ray crystallography experiments were performed at the Australian Synchrotron, using 
silicon double crystal monochromated radiation at 100 and 298 K or using a Bruker kappa-II 
CCD diffractometer at 150 K (compound 1 at 150 K), employing an IµS Incoatec Microfocus 
Source with Mo-Kα radiation (λ = 0.710723 Å).65,66 Data integration and reduction was 
undertaken with XDS67 for synchrotron data and with CrysAlisPro40 for the Bruker instrument. 
An empirical absorption correction was then applied using SADABS at the Australian 
Synchrotron.68 The structures were solved by direct methods and the full-matrix least-squares 
refinements were carried out using a suite of SHELX programs69,70 via the OLEX2 graphical 
interface.71 Non-hydrogen atoms were refined anisotropically. Carbon-bound hydrogen atoms 
were included in idealised positions and refined using a riding model.  
 
8.5.3 Magnetic Susceptibility Measurements 
Crystals were taken directly from diffusion vials and filtered. Data for magnetic susceptibility 
measurements were collected on a Quantum Design Versalab Measurement System with a 
Vibrating Sample Magnetometer (VSM) attachment. Measurements were taken continuously 
under an applied field of 0.5 T. For each experiment, samples cycled over the temperature 
range 10–350 K, and 10-400 K at a heating rate of 4 K·min−1.   
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8.7 Supporting Information 
8.7.1 High Resolution Electrospray Ionization Mass Spectra 
 
Figure S8.1. ESI-HRMS spectrum of 1. The insert shows the isotope pattern for doubly charged complex species 
(bottom) with the simulated distribution (top). 
 
 
Figure S8.2. ESI-HRMS spectrum of 2. The insert shows the isotope pattern for doubly charged complex species 
(bottom) with the simulated distribution (top). 
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Figure S8.3. ESI-HRMS spectrum of 3. The insert shows the isotope pattern for doubly charged complex species 
(bottom) with the simulated distribution (top). 
 
 
 
 
Figure S8.4. ESI-HRMS spectrum of 4. The insert shows the isotope pattern for doubly charged complex species 
(bottom) with the simulated distribution (top). 
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Figure S8.5. ESI-HRMS spectrum of 5. The insert shows the isotope pattern for doubly charged complex species 
(bottom) with the simulated distribution (top). 
 
 
 
Figure S8.0.6. ESI-HRMS spectrum of 6. The insert shows the isotope pattern for doubly charged complex 
species (bottom) with the simulated distribution (top). 
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8.7.2 Crystallography 
 
 
 
 
 
Figure S8.7. Schematic representation of 4, demonstrating the intermolecular interactions connecting adjacent 
helicates in rows of two lengthwise along the crystallographic c-axis.  The c-axis runs across the page. Solvent 
molecules have been excluded for clarity.  
 
 
 
 
 
 
 
Figure S8.8. Representation of the crystal packing in 4, showing how the chains of hydrogen-bonding connected 
helicates pack together.  The c-axis runs across the page.  Like colours are connected by hydrogen-bonding 
through I- counter ions.  
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Figure S8.9. Schematic representation of 5 at 100 K, highlighting the manner with hich adjacent helicates are 
connected into 2D sheets along the b/c-plane.  
 
 
 
 
 
Figure S8.10. Schematic representation of 5 at 100 K, highlighting the manner with which adjacent helicates are 
connected into 2D sheets along the b/c-plane.  
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Figure S8.11. Schematic representation of 6 at 100 K, highlighting the manner with which adjacent helicates are 
connected into 2D sheets along the a/b-plane. 
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Table S8.1. Crystal data and structure refinement 
for 1 at 100 K. 
Identification code  p-1_a  
Empirical formula  
C67.5H72Fe2I4N18
O4.5  
Formula weight  1826.73  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.670(3)  
b/Å  17.812(4)  
c/Å  18.137(4)  
α/°  84.63(3)  
β/°  68.22(3)  
γ/°  68.01(3)  
Volume/Å3  3797.4(17)  
Z  2  
ρcalcg/cm3  1.598  
μ/mm-1  2.066  
F(000)  1806.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
2.422 to 49.994  
Index ranges  
-16 ≤ h ≤ 16, -21 
≤ k ≤ 21, -21 ≤ l ≤ 
21  
Reflections collected  47410  
Independent 
reflections  
12218 [Rint = 
0.0481, Rsigma = 
0.0371]  
Data/restraints/paramet
ers  
12218/14/903  
Goodness-of-fit on F2  1.061  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.0802, wR2 
= 0.1916  
Final R indexes [all 
data]  
R1 = 0.1038, wR2 
= 0.2071  
Largest diff. peak/hole 
/ e Å-3  
2.50/-2.22  
 
Table S8.2. Crystal data and structure refinement 
for 1 at 150 K.  
Identification code  mono  
Empirical formula  
C68H71Fe2I4N18
O5  
Formula weight  1839.72  
Temperature/K  150(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  33.057(7)  
b/Å  13.694(3)  
c/Å  22.902(5)  
α/°  90  
β/°  132.69(3)  
γ/°  90  
Volume/Å3  7620(4)  
Z  4  
ρcalcg/cm3  1.604  
μ/mm-1  2.060  
F(000)  3636.0  
Crystal size/mm3  ? × ? × ?  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.352 to 49.426  
Index ranges  
-38 ≤ h ≤ 38, -16 
≤ k ≤ 16, -26 ≤ l 
≤ 26  
Reflections collected  112911  
Independent reflections  
6485 [Rint = 
0.1610, Rsigma = 
0.0599]  
Data/restraints/paramete
rs  
6485/141/401  
Goodness-of-fit on F2  1.298  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.1501, 
wR2 = 0.3327  
Final R indexes [all 
data]  
R1 = 0.1878, 
wR2 = 0.3514  
Largest diff. peak/hole / 
e Å-3  
1.67/-1.98  
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Table S8.3. Crystal data and structure refinement 
for 2 at 100 K.  
Identification code  FL425_a  
Empirical formula  
C66H64.5Br4Fe2N18
O4  
Formula weight  1605.19  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  Cc  
a/Å  20.798(4)  
b/Å  16.718(3)  
c/Å  22.418(5)  
α/°  90  
β/°  101.79(3)  
γ/°  90  
Volume/Å3  7630(3)  
Z  4  
ρcalcg/cm3  1.397  
μ/mm-1  2.530  
F(000)  3242.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.152 to 63.84  
Index ranges  
-30 ≤ h ≤ 30, -24 
≤ k ≤ 24, -32 ≤ l ≤ 
32  
Reflections collected  64674  
Independent 
reflections  
20667 [Rint = 
0.0442, Rsigma = 
0.0410]  
Data/restraints/parame
ters  
20667/9/907  
Goodness-of-fit on F2  1.189  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.1026, wR2 
= 0.2719  
Final R indexes [all 
data]  
R1 = 0.1287, wR2 
= 0.2995  
Largest diff. peak/hole 
/ e Å-3  
1.94/-2.15  
Flack parameter 0.391(18) 
 
Table S8.4. Crystal data and structure refinement 
for 2 at 298 K.  
Identification code  FL431_b  
Empirical formula  
C63H53Br4Fe2N18
O3.5  
Formula weight  1549.57  
Temperature/K  298(2)  
Crystal system  monoclinic  
Space group  Cc  
a/Å  21.431(4)  
b/Å  16.314(3)  
c/Å  22.220(4)  
α/°  90  
β/°  105.04(3)  
γ/°  90  
Volume/Å3  7503(3)  
Z  4  
ρcalcg/cm3  1.372  
μ/mm-1  2.570  
F(000)  3108.0  
Crystal size/mm3  ? × ? × ?  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.178 to 49.424  
Index ranges  
-25 ≤ h ≤ 25, -19 
≤ k ≤ 19, -26 ≤ l ≤ 
26  
Reflections collected  42298  
Independent 
reflections  
12608 [Rint = 
0.0991, Rsigma = 
0.0803]  
Data/restraints/parame
ters  
12608/151/770  
Goodness-of-fit on F2  1.291  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.1230, wR2 
= 0.3194  
Final R indexes [all 
data]  
R1 = 0.1807, wR2 
= 0.3787  
Largest diff. peak/hole 
/ e Å-3  
1.41/-1.04  
Flack parameter 0.47(4) 
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Table S8.5. Crystal data and structure refinement 
for 3 at 100 K.  
Identification code  FL426_a  
Empirical formula  
C64.5H59.75Cl4Fe2N1
8O8  
Formula weight  1465.85  
Temperature/K  293(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.093(3)  
b/Å  13.158(3)  
c/Å  21.885(4)  
α/°  81.21(3)  
β/°  77.20(3)  
γ/°  73.91(3)  
Volume/Å3  3515.8(14)  
Z  2  
ρcalcg/cm3  1.385  
μ/mm-1  0.630  
F(000)  1517.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
1.918 to 63.84  
Index ranges  
-17 ≤ h ≤ 17, -19 ≤ 
k ≤ 19, -30 ≤ l ≤ 30  
Reflections collected  61198  
Independent 
reflections  
16351 [Rint = 
0.1061, Rsigma = 
0.0898]  
Data/restraints/param
eters  
16351/6/925  
Goodness-of-fit on F2  1.004  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.1045, wR2 
= 0.3015  
Final R indexes [all 
data]  
R1 = 0.1757, wR2 
= 0.3515  
Largest diff. 
peak/hole / e Å-3  
1.99/-1.39  
 
 
 
Table S8.6. Crystal data and structure refinement 
for 3 at 298 K.  
Identification code  FL430_a  
Empirical formula  
C63H54Cl4Fe2N18
O1.3  
Formula weight  1337.54  
Temperature/K  293(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  21.109(4)  
b/Å  16.820(3)  
c/Å  22.354(5)  
α/°  90  
β/°  102.98(3)  
γ/°  90  
Volume/Å3  7734(3)  
Z  4  
ρcalcg/cm3  1.149  
μ/mm-1  0.561  
F(000)  2754.0  
Crystal size/mm3  ? × ? × ?  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.128 to 52.738  
Index ranges  
-26 ≤ h ≤ 26, -21 
≤ k ≤ 21, -26 ≤ l ≤ 
26  
Reflections collected  51115  
Independent 
reflections  
7276 [Rint = 
0.0953, Rsigma = 
0.0575]  
Data/restraints/paramet
ers  
7276/0/449  
Goodness-of-fit on F2  1.331  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.1256, wR2 
= 0.3507  
Final R indexes [all 
data]  
R1 = 0.1712, wR2 
= 0.3822  
Largest diff. peak/hole 
/ e Å-3  
1.04/-0.80  
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Table S8.7. Crystal data and structure refinement 
for 4 at 100 K.  
Identification code  FL215_a  
Empirical formula  
C61.84H55.84Fe2I4.13N18
O3.34S3  
Formula weight  1835.80  
Temperature/K  293(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.262(2)  
b/Å  16.596(3)  
c/Å  21.853(4)  
α/°  107.42(3)  
β/°  102.47(3)  
γ/°  94.56(3)  
Volume/Å3  3759.5(15)  
Z  2  
ρcalcg/cm3  1.622  
μ/mm-1  2.217  
F(000)  1796.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data 
collection/°  
2.018 to 52.998  
Index ranges  
-13 ≤ h ≤ 13, -20 ≤ k 
≤ 20, -27 ≤ l ≤ 27  
Reflections 
collected  
54664  
Independent 
reflections  
14131 [Rint = 0.0290, 
Rsigma = 0.0228]  
Data/restraints/para
meters  
14131/7/896  
Goodness-of-fit on 
F2  
1.049  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0724, wR2 = 
0.2102  
Final R indexes [all 
data]  
R1 = 0.0796, wR2 = 
0.2163  
Largest diff. 
peak/hole / e Å-3  
5.08/-3.99  
 
 
 
Table S8.8. Crystal data and structure refinement 
for 5 at 100 K.  
Identification code  FL213Fe_a  
Empirical formula  
C60.5H50Br4Fe2N18O
4.75S3  
Formula weight  1632.70  
Temperature/K  293(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  16.344(3)  
b/Å  18.635(4)  
c/Å  44.631(9)  
α/°  90  
β/°  100.47(3)  
γ/°  90  
Volume/Å3  13367(5)  
Z  8  
ρcalcg/cm3  1.623  
μ/mm-1  2.981  
F(000)  6536.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
1.856 to 50.054  
Index ranges  
-19 ≤ h ≤ 19, -22 ≤ 
k ≤ 22, -53 ≤ l ≤ 53  
Reflections collected  163212  
Independent 
reflections  
23523 [Rint = 
0.0694, Rsigma = 
0.0360]  
Data/restraints/para
meters  
23523/0/1651  
Goodness-of-fit on 
F2  
1.065  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.1044, wR2 = 
0.2734  
Final R indexes [all 
data]  
R1 = 0.1230, wR2 = 
0.2873  
Largest diff. 
peak/hole / e Å-3  
3.38/-3.79  
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Table S8.9. Crystal data and structure refinement 
for 6 at 100 K.  
Identification code  FL209_a  
Empirical formula  
C60H48Cl4Fe2N18O
3S3  
Formula weight  1418.84  
Temperature/K  293(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  43.515(9)  
b/Å  9.880(2)  
c/Å  16.076(3)  
α/°  90  
β/°  101.54(3)  
γ/°  90  
Volume/Å3  6772(2)  
Z  4  
ρcalcg/cm3  1.392  
μ/mm-1  0.736  
F(000)  2904.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
4.232 to 52.744  
Index ranges  
-54 ≤ h ≤ 54, -12 
≤ k ≤ 12, -19 ≤ l ≤ 
19  
Reflections collected  47006  
Independent 
reflections  
6769 [Rint = 
0.0407, Rsigma = 
0.0204]  
Data/restraints/parame
ters  
6769/0/409  
Goodness-of-fit on F2  1.077  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0724, wR2 
= 0.2182  
Final R indexes [all 
data]  
R1 = 0.0805, wR2 
= 0.2256  
Largest diff. peak/hole 
/ e Å-3  
1.66/-1.57  
 
 
 
 
Figure S8.12. PXRD of 1 with the experimental (top black) and simulated (bottom red) spectra shown.  
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Figure S8.13. PXRD of 2 with the experimental (top black) and simulated (bottom red) spectra shown. 
 
 
 
 
Figure S8.14. PXRD of 3 with the experimental (top black) and simulated (bottom red) spectra shown. 
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Figure S8.15. PXRD of 4 with the experimental (top black) and simulated (bottom red) spectra shown. 
 
 
Figure S8.16. PXRD of 5 with the experimental (top black) and simulated (bottom red) spectra shown. 
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8.7.3 Thermal gravimetric analysis  
 
 
 
Figure S8.17. TGA data of 1 showing the percentage mass loss from the desolvation of MeOH molecules of 
crystallisation.   
 
 
Figure S8.18. TGA data of 2 showing thee percentage mass loss from the desolvation of MeOH molecules of 
crystallisation.   
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Figure S8.19. TGA data of 3 showing thee percentage mass loss from the desolvation of MeOH molecules of 
crystallisation.  
  
 
 
Figure S8.20. TGA data of 4 showing thee percentage mass loss from the desolvation of MeOH molecules of 
crystallisation.   
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Figure S.21. TGA data of 5 showing thee percentage mass loss from the desolvation of MeOH molecules of 
crystallisation.   
 
 
 
 
Figure S8.22. TGA data of 6 showing thee percentage mass loss from the desolvation of MeOH molecules of 
crystallisation.   
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Chapter Nine - Structure Function Relationships—Magneto-Structural 
Correlations—In a Large Helicate Series 
Introduction 
This chapter is, in a sense, the culmination of chapters four to eight, with some extra structures 
not included in these previous chapters. A series of fifteen Fe(II) dinuclear triple helicates was 
synthesised, characterised and analysed through crystallographic and magnetometric 
experiments in order to investigate the relationship between structure and function, or more 
specifically in the context of SCO compounds, the magneto-structural correlations.    
The general dinuclear triple helicate architecture is formed via the 3:2 stoichiometric addition 
of ligand (L) and metal ions. As discussed in section 1.3.1 of the introduction, the choice of 
ligand (steric and electronic considerations), reaction conditions and counter ions can all 
determine whether the helicate, tetrahedral or cubic cage architecture is formed with this ratio 
of ligand and metal. It has been previously shown by the Hannon and Gutlich groups, that the 
bisbidentate ligand, L1, containing the 2,4-imidazole donor moiety, readily forms a triple 
helicate architecture.1,2 Two analogous ligands L2 and L3 that complete the series investigated 
in this work, differ from L1 by the steric nature of the central C-X-C atoms (L1 X = methyl, L2 
X = Sulphur and L3 X = O). The structure of L is shown in Figure 9.1. The three series 
discussed herein, will therefore be referred to as the -C-, -S- and -O- series.  
 
 
Figure 9.1. Chemical diagram of the ligands L1, L2 and L3 that were implemented in this study to form fifteen 
Fe(II) dinuclear triple helicate SCO compounds.  
The [Fe(II)N6] donor sphere experiences spin crossover in many cases, and in theory, should 
give rise to the largest change in coordination geometry and bond lengths, due to the character 
of both Fe(II) as a Lewis acid and nitrogen as a Lewis base.3 As a result, the [FeN6] coordination 
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sphere is a more suitable model system for observing structure-function relationships in SCO 
materials. The imidazoleimine moiety has been extensively explored as a bidentate donor group 
in SCO research.1,2,4–7 When this group coordinates octahedral Fe(II) in a 3:2 ration of L:Fe, 
the homoleptic tris-diimine complexes formed commonly display SCO properties.4 The 
majority of Fe(II) helicate SCO architectures employ various derivatives of either the imidazole 
or pyridine donor groups, and tend to exhibit lower temperature spin-transitions.1,2,5,8 
Hydrogen-bonding capabilities of the 4-position N-H of the 2,4-imidazoleimine group was a 
major contributing factor in regards to its selection as the ligand donor moiety in this 
investigation.1,9 In the dinuclear triple helicate architecture, the 4-position hydrogen-bond 
donors are positioned towards the periphery of the molecule, and this was identified as an 
excellent opportunity to explore the impact of hydrogen-bonding interactions throughout the 
lattice on SCO.   
The objective of this study was to design and synthesise a model series of relatively simple 
dinuclear Fe(II) SCO compounds, with minor changes in crystallographic structure, in order to 
investigate the structure-function relationships. The L1 ligand scaffold was employed as this 
had been previously shown to adopt the dinuclear triple helicate architecture and manifest SCO 
in its Fe2N6 complexes.
1,2 The steric nature of the central atom in the ligand scaffold was altered 
as above by the addition of S (L2) and O (L3). For each ligand series, five different counter ions 
were employed in order to synthesise fifteen separate SCO compounds, each with subtle 
changes in the helicate structure, counter-ion identity, packing arrangement and combinations 
of intermolecular interactions. Consequently, this study sought to systematically discern how 
SCO in these materials is related to a variety of structural parameters.     
By far, one of the principal confines to the implementation of dinuclear triple helicate 
architectures in real world solid-state applications of SCO, is the often-incomplete spin-
transition observed. The majority of these compounds exhibit a ‘half’-transition, whereby only 
40-60% of Fe(II) centres undergo a HS↔LS thermally induced SCO. In other words, most 
Fe(II) dinuclear triple helicates are trapped in the [LS-HS] form of the helicate, with only one 
of the two Fe(II) centres undergoing SCO and the [LS-LS] state is not accessible.1,2,5,10,11 
Alternatively, the material may be composed of a 50:50 mixture of [LS-LS]:[HS-HS] spin-
isomers at low temperatures. This was identified as an interesting avenue of investigation; 
could the explanation for commonly observed half-transitions in this chemical architype be 
identified in order to inform future design in dinuclear SCO materials. Therefore, a major part 
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of this chapter will focus on attempting to identify possible explanations as to why these 
structures are so often ‘trapped’ in the [LS-HS] state.   
To date, only four dinuclear Fe(II) triple helicates have been reported to undergo a full [HS-
HS]↔[LS-LS] transition.7,8,12 The overall structure of these four compounds is very similar to 
that investigated in this study. Interestingly, these materials were analysed crystallographically, 
and only the most recent 4-position imidazole helicate reported by Kruger et al.12 was found to 
exhibit any extensive network of intermolecular interactions throughout the crystal lattice.  If 
intermolecular interactions are not the key to obtaining a full SCO at two Fe(II) centres, then 
what is the key to accessing this [LS-LS] state? The octahedral distortion (Σ around 25-40⁰) 
required at two Fe(II) centres in the one molecule would be expected to place extensive strain 
on a molecule undergoing SCO at both Fe(II) centres. When semi-rigid ligands are employed, 
as is often the case in helicate design, this intramolecular effect could be one possible 
explanation as to why many of these compounds only exhibit a ‘half’-transition.13 Another 
possible explanation could lie in the crystal packing arrangement of individual molecular 
entities. Furthermore, intermolecular connectivity and the ability of adjacent entities to 
cooperatively transfer molecular distortion necessary for SCO may still influence the ability to 
reach the [LS-LS] state in these compounds. This was found to be the case in a series of 
dinuclear Fe(II) compounds based on the 1,3,4-thiadiazole bridging ligand with different 
solvent molecules of crystallisation.14      
In this chapter, various crystallographic parameters and details are presented as a means of 
evaluating, be it quantitatively or qualitatively, those possible explanations listed above, and 
these are subsequently related to a range of quantities from magnetic susceptibility 
measurements in an attempt to identify possible trends. Part 1 of this chapter will describe the 
magnetic and structural findings for the helicate compounds not yet previously discussed in 
any of the first seven chapters, whereas, in part 2, the structure-function relationships—
magneto-structural correlations—for the whole series of fifteen helicate materials will be made.  
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Below is a key that shows how the fifteen compounds of the -C-, -S- and -O- series will be 
referred to in the proceeding analysis.  
Key: 
 -C- -O- -S- 
ClO4- C1 O1 S1 
BF4- C2 O2 S2 
I- C3 O3 S3 
Br- C4 O4 S4 
Cl- C5 O5 S5 
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Part 1 
9.1 Description of Magnetic and Structural Experiments for the Remaining SCO 
Fe(II) Dinuclear Triple Helicates Explored in This Study 
Firstly, C1 demonstrates a room temperature χmT of 6.40 cm3K-1mol-1, indicative of two Fe(II) 
centres in the HS-state. Upon cooling, the magnetic susceptibility decreases in a sigmoidal 
SCO fashion, plateauing at 61.37 K, at which point the molar susceptibility is 3.61 cm3K-1mol-
1, with 45% of the HS Fe(II) centres transferring to the LS-state. This is reproducible in the 
heating mode (cycle 2 Figure 9.2) with a T1/2 of 97 K. Upon heating to 400 K, above the boiling 
point of CH3CN, desolvation causes a more gradual transition-profile, a shifting of the T1/2 to 
201 K and a greater degree of residual paramagnetic Fe(II) centres at low temperatures. 
Similarly, after solvent loss the curve is reproducible with repeated heating and cooling cycles.  
 
Figure 9.2. Magnetic susceptibility χmT vs T for C1 demonstrating the effect of solvent loss with repeated cycles.  
At 100 K, single crystals of C1 are of monoclinic C2/c symmetry. Crystallographic parameters 
in Table 9.1 (∑ - 74.1⁰ and average Fe-N - 2.10 Å) correlate nicely with magnetic data, the 
single Fe(II) centre in the asymmetric unit present in a mixed HS/LS-state population (MS). 
Adjacent helicates are connected by ClO3O
2-…H-N hydrogen-bonding interactions at the 
external imidazole N-H, forming a three-dimensional hydrogen-bonding network (Figure 9.3). 
It may be noted that the abrupt nature of the solvated transition could be a result of this network 
of supramolecular contacts, resulting in increased cooperativity. At 270 K, the lattice retains 
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its monoclinic symmetry, the cell volume increasing by 359 Å3 from the 100 K structure due 
to the increased bond lengths and distortions of the coordination sphere occurring in the HS-
state. The octahedral distortion (88.172 Å) and average coordinate bond lengths (2.204⁰) 
support the [HS-HS] χmT value of 6.40 cm3K-1mol-1. 
a) 
b) 
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Figure 9.3. Schematic representation of the three-dimensional network formed by ClO3O2-…H-N hydrogen-
bonding in C1. The crystal packing is shown down the a) c-axis, b) the a/b-plane and c) a a/c plane.  
At room temperature, the χmT of 7.00 cm3K-1mol-1 of S1 is in accord with the magnetic response 
expected from the [HS-HS] Fe(II) spin-isomer. Upon cooling, the sample shows a steady 
decrease in magnetic susceptibility with T, indicative of a gradual SCO. Between 300 and 100 
K, the transition passes through two inflexion points at 254 and 188 K, before proceeding to 
plateau at 30 K. Here, the χmT is 2.80 cm3K-1mol-1, at which point 62% of Fe(II) centres now 
occupy the LS 1A1 electronic configuration. The susceptibility is consistent with thermal 
cycling through two warming and cooling modes. In contrast, after heating to 400 K in the 4th 
mode (Figure 9.4), loss of solvent molecules of crystallisation (CH3CN) were found to reduce 
the amount of residual paramagnetic signal, the 30 K χmT now observed to be 2.31 cm3K-1mol-
1, suggestive of a 70% transition from HS↔LS-state. The transition remains two-step, with 
inflexion points at 189 and 246 K.  For such dinuclear triple helicate architectures, this is quite 
an unusual result. The majority of previously reported Fe(II) dinuclear triple helicate literature,5 
and those presented so far in this work, has found that with solvent loss, the residual 
paramagnetic signal was higher in the desolvated sample, the HS-state effectively being 
stabilised at lower temperatures. Romero et al. explain that this phenomenon is the result of 
desolvation creating a negative pressure, causing the structure to expand by populating the HS-
c) 
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state.15 In this particular case, the loss CH3CN from the lattice of S1
 stabilises the [LS-LS]-state 
at lower temperature.  Acetonitrile solvent molecules do not participate in any form of 
hydrogen-bonding with the external imidazole N-H groups of the helicate architecture. In the 
majority of helicate structures presented in this body of work that show the opposite trend in 
magnetic susceptibility upon solvent loss (stabilisation of HS-state in the desolvated sample), 
the solvent of crystallisation tends to participate in hydrogen-bonding with the imidazole donor 
groups. It may be that the solvent-imidazole N-H interaction is inhibiting the more complete 
spin-transition at the two Fe(II) sites of the helicate structure. This result is a good example of 
the vagaries of SCO research, demonstrating the difficulty in trying to predict the effect of 
particular structural features in any given manner in SCO materials.  
 
Figure 9.4. Magnetic susceptibility χmT vs T for S1 demonstrating a) the effect of solvent loss with repeated cycles 
and b) the two step-nature as evidenced by a plot of the first derivative of magnetic susceptibility Vs temperature.  
Single-crystal X-ray diffraction experiments show that at 100 K, S1 crystallises in the space 
group P1. Imidazole-to-perchlorate hydrogen-bonding links adjacent helicates lengthwise 
along the crystallographic c-axis (Figure 9.5). The relatively gradual transition may therefore 
be a result of the minor degree of supramolecular contacts throughout the lattice. The 
octahedral distortion, Fe01- 84.365⁰ and Fe02 – 60.087⁰, in conjunction with the average Fe-
N coordinate bond lengths, Fe01 – 2.09 Å and Fe02 – 1.997 Å, are symptomatic of one HS and 
LS centre respectively in the helicate structure, the [LS-HS] spin-isomer present at 100 K.  
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Figure 9.5. Schematic representation of the one-dimensional chain formed by ClO3O2-…H-N hydrogen-bonding 
along the crystallographic c-axis in S1. Solvent molecules of crystallisation have been omitted for clarity. 
At 270 K, crystallographic parameters (∑ - 87.869 Å, Fe-N – 2.20⁰) further indicate the 
presence of the [HS-HS] spin-isomer. A single-crystal-to-single-crystal symmetry breaking 
occurs between 100 and 270 K, and consequently, the high temperature structure is of a new 
monoclinic C2/c phase. Figure 9.6 demonstrates the conversion of the unit cell from triclinic, 
containing two helicates each with [HS-LS] identity, to monoclinic, with six helicates present, 
all of the [HS-HS] form and major elongation of the crystallographic a and b-cell axes. This 
phase change may explain the two-step spin-transition observed in magnetic susceptibility data. 
Magnetic susceptibility measurements of O1, χmT of 7.77 cm3K-1mol-1 (Figure 9.7), suggest 
that the [HS-HS] form of the helicate is present at room temperature. This decreases with 
temperature in a sigmoidal fashion to 4.25 cm3K-1mol-1 indicative of a spin transition in 45% 
of Fe(II) centres. The magnetic signal then plateaus for a brief period before decreasing slightly 
between 120 and 50 K, most likely a result of weak antiferromagnetic interactions between HS 
Fe(II) centres. Below 50 K, a sharp decrease is observed, the χmT falling to 3.22 cm3K-1mol-1 
at 10 K, most likely a result of zero filed splitting in the residual HS Fe(II) centres.  Solvent 
loss with thermal cycling did not appear to be a factor in shape of the spin-transition profile. 
Crystal structures were collected at 100 and 270 K. At both temperatures O1 crystallises in the 
monoclinic space group C2/c. Adjacent helicates are linked by ClO3O
-…H-Nimidazole hydrogen-
bonding along the crystallographic c-axis (Figure 9.8). 
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Figure 9.6. Schematic diagram of S1 at 100 K (top) and 270 K (bottom), showing the transformation of the crystal 
from triclinic P𝟏 to monoclinic C2/c between 100 and 270 K, symptomatic of a single-crystal-to-single-crystal 
phase change. Orange represents HS Fe(II) while LS is indicated by purple.  
The compound S4 was discussed in chapter eight, although only with respect to the 100 K 
crystal structure. Upon further investigation of the high temperature single-crystal structure, 
the observed two-step transition profile can now be discussed structurally. Magnetic 
susceptibility experiments found the spin-transition of S4 occurs to 45% completion with T1/2 
values of 143 and 290 K, the [LS-HS] spin-isomer stabilised at lower temperatures, as 
confirmed by 100 K single-crystal analysis (Table 9.4). At this temperature, two 
crystallographically independent helicates are present in the asymmetric unit. In one helicate, 
there are four Br-…H-N hydrogen-bonding interactions with the external imidazole N-H, three 
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on one side and one on the other side of the molecule. On the other hand, the second helicate 
displays four Br-…H-N contacts, two on either side of the helicate architecture. Bromide counter 
ions connect adjacent helicates in a 2D sheet along the b/c-crystallographic plane (Figure 9.9).  
 
Figure 9.7. Magnetic susceptibility χmT vs T for O1. 
 
 
 
Figure 9.8. Schematic representation of the end-to-end hydrogen-bonded chains formed between adjacent 
helicates along the c-axis in single-crystals of O1. Hydrogen-bonds are represented as light blue cut lines and 
adjacent chains have been coloured separately for clarity. Solvent molecules are not shown.  
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In contrast, when measured at 270 K the crystal retained monoclinic symmetry, although 
experienced a P21/n → C2/c single-crystal-to-single-crystal phase change, moving from a 
Primitive to a C-centred lattice upon distortion of the Fe(II) centres with SCO. At this 
temperature, crystallographic parameters suggest the single Fe(II) centre of the asymmetric 
unit is in the HS-state. Associated with the phase change, are quite dramatic changes to the 
intermolecular interactions between external imidazole N-H and Br- counter ions. All six of 
these coordinate bond donor moieties now participate in Br-…H-N hydrogen-bonding 
interactions, forming two-dimensional sheets along the a/b-plane. The addition of extra Br-…H-
N contacts, as discussed in chapters six and eight, could potentially cause a redistribution of 
charge throughout the coordinating imidazole group, in turn altering the ligand field 
experienced by the Fe(II) centres throughout the crystal lattice. These changes to both the 
crystallographic phase and the intermolecular contacts at the donor group may help to explain 
the two-step curve demonstrated by S4, resulting in a stabilised intermediate [LS-HS] phase.  
 
 
Figure 9.9. Schematic representations of S4 at 100 K (top left) and 270 K (bottom right) showing the HS (yellow) 
and LS (purple) Fe(II) arrangement and the number of Br-…H-N hydrogen-bonds occurring in the crystal lattice 
after a single-crystal-to-single-crystal phase change. Two dimensional sheets are formed by hydrogen-bonding. 
Solvent molecules have been omitted for clarity.   
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Part 2 
9.2 Structure Function Relationships in a Series of Fifteen Dinuclear Triple 
Helicates 
Below are five Tables (Tables 1-5) of selected crystallographic parameters for all fifteen 
helicate compounds explored at variable temperatures. Each table is divided by the counter ion 
identity. As a note, the abbreviation ‘MS’ is used to denote a mixed HS/LS-state population.  
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Table 9.1. Selected crystallographic and magnetic properties of the ClO4- salts of -C-, -S- and -O- dinuclear triple 
helicate architectures that are used in the analysis of magneto-structural correlations in this study.  
ClO4- -C-  -S-  -O-  
Temperature 
(K) 
100  270  100  270  100  270  
∑ (⁰) Fe01 – 74.09 Fe01 – 88.17 Fe01- 84.37 
Fe02 – 60.09 
Fe01 – 87.87 Fe01 - 85.99 86.68 
Δ∑ (⁰) - 24.78 - 27.78 - N/A 
Average 
Fe(II)-N 
distance (Å) 
Fe01 -2.10 Fe01 - 2.20 Fe01 – 2.09 
Fe02 – 1.99 
 
Fe01 – 2.20 2.19 Fe01 – 2.20 
Spin state of 
Fe(II) 
MS  HS [HS-LS] HS HS HS 
θintermolecular/ 
θintramolecular (⁰) 
16.09/13.13 23.74/10.32 Fe01 – 
24.39/4.80 
Fe02 – 
9.72/14.46 
Fe01 – 
23.99/7.96 
18.29/11.39 19.89/10.75 
Δθintermolecular 
(⁰) 
- N/A - 14.28 - N/A 
Δθintramolecular 
(⁰) 
- N/A - 6.50 - N/A 
Space group C2/c C2/c P1 C2/c C2/c C2/c 
Intermolecular 
interactions 
4 x ClO3O-…H-
N 
3D network of 
H-bonding 
‘’ 5 x ClO3O-
…H-N 
1D chain of 
H-bonding 
along the c-
axis 
4 x ClO3O-
…H-N 
Edge-to-face 
π-interactions 
 
4 x ClO3O-
…H-N 
1D chain of 
H-bonding 
along the a-
axis 
‘’ 
Number of 
intramolecular 
edge to face π 
interactions 
3 ‘’ 3 3 2 2 
Solvent 
molecules 
4 x CH3CN 2 x CH3CN 3.25 x 
CH3CN 
0.5 x CH3CN 2 x CH3CN 
1 x H2O 
3 x CH3CN 
C-X-C angle 
(where X = 
CH2, S or O) 
(⁰) 
114.13 114.26 103.22 103.82 116.05 116.28 
Intrahelical-
separation (Å) 
11.67 11.82 11.87 12.02 11.75 11.76 
X-…H-N 
distance (Å) 
2.08 2.17 2.06 2.09 2.05 2.09 
Arrangement 
of anion H-
bonding 
2 on each side 2 on each side 3 on one side 
2 on the other 
2 on each side 2 on each side 2 on each side 
Anionic radii 
(Å) 
1.432 1.432 1.432 1.432 1.432 1.432 
T1/2 (K) 97 ‘’ 188, 254 ‘’ 200 ‘’ 
Completeness 
of SCO (%) 
45 ‘’ 62 ‘’ 50 ‘’ 
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Table 9.2. Selected crystallographic and magnetic properties of the BF4- salts of -C-, -S- and -O- dinuclear triple 
helicate architectures that are used in the analysis of magneto-structural correlations in this study.  
BF4- -C-  -S-  -O-  
Temperature 
(K) 
100  298  100  298  100  298  
∑ (⁰) Fe01—76.30 Fe01- 84.84 
Fe02 -84.90 
 
Fe01—59.40 
Fe02—90.30 
Fe01 – 95.91 
Fe02 – 84.59 
Fe03 – 93.31 
Fe 04 – 79.67 
Fe01—77.20 
Fe02—85.20 
Fe01 - 87.51 
Δ∑ (⁰) - 34.90 - 36.51 - 16.59 
Average 
Fe(II)-N 
distance (Å) 
Fe01—2.13 Fe01—2.21 
 
Fe01—2.00 
Fe02—2.18 
Fe01 – 2.20 
Fe02 – 2.18 
Fe03 – 2.19 
Fe 04 – 2.16 
Fe01—2.10 
Fe02—2.18 
Fe01 - 2.20 
Spin state of 
Fe(II) 
MS [HS-HS] [LS-HS] [HS-HS], 
[HS-HS] 
[MS-HS] HS 
θintermolecular/ 
θintramolecular (⁰) 
Fe01-
15.44/15.25 
Fe01- 
23.79/20.61 
Fe02 – 
18.61/16.39 
Fe01 – 
1.57/21.05 
Fe02 – 
6.12/23.89 
Fe01 – 
8.67/25.92 
Fe02 – 
5.82/23.92 
Fe03 – 
2.54/27.57 
Fe 04 – 
6.41/22.95 
Fe01 – 
19.55/11.05 
Fe02 – 
14.75/13.13 
Fe01 - 
20.56/10.66 
Δθintermolecular 
(⁰) 
- N/A - 7.11 - N/A 
Δθintramolecular 
(⁰) 
- N/A - 4.86 - N/A 
Space group C2/c P1 P1 P21/n P1 C2/c 
Intermolecular 
interactions 
6 x N-H…BF4- 
F3BF…H-
CH2C-N 
No 
supramolecular 
network 
present 
5 x N-H…BF4- 
‘’ 
2 x N-
H…CH3CN 
4 x N-
H…BF4- 
Forms chain 
side-ways 
3 x N-
H…FBF3 
2 x N-
H…CH3CN 
No 
connectivity 
between 
helicates 
6 x N-
H…BF4- 
Form length-
wise chain 
through BF4- 
H-bonds 
6 x N-H…BF4- 
Form length-
wise chain 
through BF4- 
H-bonds 
Number of 
intramolecular 
edge to face π 
interactions 
3 2 3 3 2 2 
Solvent 
molecules 
1.5 x CH3CN 0.25 x CH3CN 2 x CH3CN 2 x CH3CN 2 x CH3CN 0.75 x CH3CN 
C-X-C angle 
(where X = 
CH2, S or O) 
(⁰) 
113.60 115.43 104.90 105.28 115.80 116.25 
Intrahelical-
separation (Å) 
11.72 11.72 11.78 11.83 11.62 11.72 
X-…H-N 
distance (Å) 
2.13 2.15 2.06 2.19 2.03 1.99 
Arrangement 
of anion H-
bonding 
3 each side 2 one side 3 the 
other 
2 on each 
side 
(symmetric) 
2 one side 1 
the other 
3 each side 3 each side 
Anionic radii 
(Å) 
1.3825 1.3825 1.3825 1.3825 1.3825 1.3825 
T1/2 (K) 155, 170 - 115, 130 - 150, 165 - 
Completeness 
of SCO (%) 
40 - 60 - 50 - 
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Table 9.3. Selected crystallographic and magnetic properties of the I- salts of -C-, -S- and -O- dinuclear triple 
helicate architectures that are used in the analysis of magneto-structural correlations in this study.  
I- -C-  -S-  -O-  
Temperature (K) 100  150  100  270  100  270  
∑ (⁰) Fe01 – 72.03 
Fe02 – 64.93 
Fe01 – 
70.89 
Fe01 – 59.21 
Fe02 – 57.87 
Fe01 – 80.72 
Fe02 – 64.70 
Fe03 – 83.91 
F04 – 71.30 
Fe01 – 63.31 
Fe02 – 57.32 
Fe01- 83.26 
Fe02 – 
81.81 
Δ∑ (⁰) - 35.39 - 36.07 - 25.94 
Average Fe(II)-N 
distance (Å) 
Fe01 -2.06 
Fe02 – 2.01 
Fe01 – 2.08 Fe01 – 1.99 
Fe02 – 1.98 
Fe01 – 2.14 
Fe02 – 2.04 
Fe03 – 2.17 
F04 – 2.04 
Fe01 – 1.99 
Fe02 – 1.99 
Fe01 – 2.19 
Fe02 – 2.17 
Spin state of 
Fe(II) 
[LS-MS] MS [LS-LS] [LS-MS], 
[LS-MS] 
[LS-LS] [HS-HS] 
θintermolecular/ 
θintramolecular (⁰) 
Fe01 – 
11.70/25.47 
Fe02 – 
8.45/18.13 
Fe01 – 
12.37/14.88 
Fe01 – 
6.10/18.31 
Fe02 – 
7.87/14.34 
Fe01 – 
15.10/15.71 
Fe02 – 
8.46/19.91 
Fe03 – 
13.75/15.99 
F04 – 
12.16/21.56 
Fe01 – 8.10/21.27 
Fe02 – 3.80/23.19 
Fe01 – 
12.32/22.90 
Fe02 – 
12.25/21.92 
Δθintermolecular (⁰) - N/A - 8.99 - 6.34 
Δθintramolecular (⁰) - N/A - 1.37 - 0.27 
Space group P1 Cc P1 P1 P1 P1 
Intermolecular 
interactions 
4 x 
MeOH…HN 
2 x I-…H-N 
No 
interactions 
connecting 
helicates 
3 x Br-…H-
N 
1 x 
MeOH…H-
N 
‘’ 
1 x MeOH…HN 
5 x I-…H-N 
chains of two 
helicates along 
the c-axis 
mediated by 5 x 
I-…H-N 
1 x 
MeOH…HN 
5 x I-…H-N 
‘’ 
2 x MeOH…HN 
4 x I-…H-N 
Supramolecular 
Chain along the 
[2,0,1] plane 
mediated by I-…H-N 
H-bonding 
1 x 
MeOH…HN 
4 x I-…H-N 
‘’ 
Number of 
intramolecular 
edge to face π 
interactions 
2 2 4 4 2 2 
Solvent molecules 4.75 x MeOH 3 x MeOH 
1 x H2O 
2 x MeOH 
1xH2O 
2 x MeOH 
1xH2O 
4 x MeOH 1 x MeOH 
C-X-C angle 
(where X = CH2, 
S or O) (⁰) 
115.01 114.90 104.36 104.65 116.33 117.85 
Intrahelical-
separation (Å) 
11.48 11.52 11.62 11.75 11.34 11.56 
X-…H-N distance 
(Å) 
2.83 2.77 2.68 2.65 2.72 2.69 
Arrangement of 
anion H-bonding 
1 each side ‘’ 3 one side 2 on 
other side 
3 one side 2 
on other side 
1 one side 3 the 
other 
1 one side 3 
the other 
Anionic radii (Å) *2.015 ‘’ *2.015 ‘’ *2.015 ‘’ 
T1/2 (K) 217 ‘’ 289 ‘’ 210 ‘’ 
Completeness of 
SCO (%) 
55 ‘’ 92 ‘’ 92 ‘’ 
*Literature value.16 
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Table 9.4. Selected crystallographic and magnetic properties of the Br- salts of -C-, -S- and -O- dinuclear triple 
helicate architectures that are used in the analysis of magneto-structural correlations in this study.  
Br- -C-  -S-  -O-  
Temperature 
(K) 
100  270  100  270  100  250  
∑ (⁰) Fe01 – 60.19 
Fe02 – 71.61 
Fe01 – 75.94 
Fe02 – 96.75 
Fe01 – 98.89 
Fe02 – 58.05 
Fe03 – 101.99 
Fe04 – 70.50 
Fe01- 84.91 Fe01 – 
89.06 
Fe01 - 89.76 
Δ∑ (⁰) - 36.56 - 43.94 - 0.69 
Average Fe(II)-
N distance (Å) 
Fe01 – 1.99 
Fe02 - 2.13 
Fe01 – 2.17 
Fe02 – 2.18 
Fe01 – 2.19 
Fe02 – 1.98 
Fe03 – 2.19 
Fe04 – 2.03 
Fe01 - 2.21 Fe01 – 2.20 2.24 
Spin state of 
Fe(II) 
[LS-MS]  [HS-HS] [HS-LS], [HS-
LS] 
HS HS HS 
θintermolecular/ 
θintramolecular (⁰) 
Fe01 - 
6.25/17.39 
Fe02 – 
13.55/16.37 
Fe01 -
15.85/12.90 
Fe02 – 
21.56/14.74 
Fe01 – 
10.81/10.15 
Fe02 – 
3.02/21.18 
Fe03 – 
11.08/29.09 
Fe04 -  
4.01/25.19 
Fe01 – 
6.82/33.34 
Fe01 - 7.29/22.02 10.84/19.94 
Δθintermolecular (⁰) - 15.31 - 3.81 - 3.55 
Δθintramolecular (⁰) - 2.69 - 12.124 - 2.11 
Space group Cc Cc P21/n C2/c C2/c C2/c 
Intermolecular 
interactions 
3 x Br-…H-N 
1 x MeOH…H-
N 
2D network 
along the a/c-
plane 
6 x N-H…Br- 
‘’ 
4 and 4 x Br-…H-
N 
3 x H2O
…H-N 
2D-sheet along 
b/c-plane 
mediated by Br-
…H-N 
6 x Br-…H-N 
‘’ 
 
4 x MeOH…HN 
2 x Br-…H-N 
O…H-C 
(imidazole) 
Imidazole Edge-
to-face π-π, 
Benzene face-to-
face π-π, 
3D 
supramolecular 
network of π-
interactions 
4 x MeOH…HN 
2 x Br-…H-N 
‘’O…H-C 
Number of 
intramolecular 
π interactions 
2 1 2 2 2 edge-face 
2face-face 
 
2 edge-face 
2 face-face 
 
Solvent 
molecules 
3 x MeOH 
1 x H2O 
3.5 x H20 1 x MeOH 
4 x H2O 
1 x MeOH 
0.25 x H2O 
4 x MeOH 1.25 x MeOH 
C-X-C angle 
(where X = CH2, 
S or O) (⁰) 
114.904 113.515 105.311 104.426 116.578 116.838 
Intrahelical-
separation (Å) 
11.59 11.79 11.76 11.53 11.50 11.71 
X-…H-N 
distance (Å) 
2.50 2.44 2.52 2.44 2.45 2.49 
Arrangement of 
anion H-
bonding 
2 one side 1 on 
the other 
3 on each side Helicate 1- 3 on 
one side, 
helicate 2- 2 on 
each side 
3 on each side 1 on each side 1 on each side 
Anionic radii 
(Å) 
*1.788 ‘’ *1.788 ‘’ *1.788 ‘’ 
T1/2 (K) 195 ‘’ 265 (plateau of 
1st derivative) 
‘’ 165 (plateau of 1st 
derivative) 
‘’ 
Completeness of 
SCO (%) 
65 ‘’ 45 ‘’ 50 ‘’ 
*Literature value.16 
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Table 9.5. Selected crystallographic and magnetic properties of the Cl- salts of -C-, -S- and -O- dinuclear triple 
helicate architectures that are used in the analysis of magneto-structural correlations in this study.  
Cl- -C-  -S-  -O-  
Temperature (K) 100  298  100  270  100  270  
∑ (⁰) Fe01 – 59.373 
Fe02 – 56.83 
 
Fe01 – 87.76 
Fe02 – 85.52 
Fe01 – 90.74 
 
Fe01 - 
88.17 
Fe01 – 81.93 
Fe02 – 85.74 
Fe01 - 
85.03 
Fe02 – 
80.46 
Δ∑ (⁰) - 30.92 - 2.56 -  
Average Fe(II)-
N distance (Å) 
Fe01 – 1.99 
Fe02 – 1.99 
 
Fe01 – 2.18 
Fe02 – 2.19 
Fe01 – 2.20 
 
Fe01 - 
2.21 
Fe01 – 2.19 
Fe02 – 2.18 
Fe01 - 2.20 
Fe02 – 2.20 
Spin state of 
Fe(II) 
[LS-LS] [HS-HS] HS HS [HS-HS] [HS-HS] 
θintermolecular/ 
θintramolecular (⁰) 
Fe01 – 
6.8/17.814 
Fe02 – 
6.44/14.62 
Fe01 - 
17.377/14.543 
Fe02 – 
17.148/14.111 
Fe01 – 
17.23/32.58 
6.63/33.91 Fe01 – 
20.54/20.54 
Fe02 – 
16.65/14.26 
Fe01 – 
17.50/15.62 
Fe02 – 
18.91/18.91 
Δθintermolecular (⁰) - 10.64 - 10.61 - N/A 
Δθintramolecular (⁰) - 1.92 - 1.41 - N/A 
Space group P1 C2/c C2/c C2/c P21/n P21/n 
Intermolecular 
interactions 
4 x Cl-…H-N 
1 x MeOH…H-
N 
1D chain along 
the c/b-plane 
 
6 x Cl-…H-N 
2D sheets along 
the c/b-plane 
 
6 x Cl-…H-N 
2D-sheet along 
a/b-plane 
mediated by 
Cl-…H-N 
6 x Cl-
…H-N 
‘’ 
2 x H2O…HN 
4 x Cl-…H-N 
O…H-Cimidazole 
and benzene-
imidazole face-
to-face π-
interactions 
along the b-axis 
2 x 
H2O…HN 
4 x Cl-…H-
N 
‘’ 
Number of 
intramolecular 
edge to face π 
interactions 
2 2 0 1 2 2 
Solvent 
molecules 
1.5 x MeOH 
7 x H20 
1.5 x H20 2.25 x H20 0.5 x 
MeOH 
6 x H2O 2 x H2O 
C-X-C angle 
(where X = CH2, 
S or O) (⁰) 
114.86 115.31 103.36 104.81 115.78 116.20 
Intrahelical-
separation (Å) 
11.41 11.76 11.51 11.55 11.60 11.57 
X-…H-N 
distance (Å) 
2.23 2.30 2.32 2.30 2.25 2.29 
Arrangement of 
anion H-
bonding 
2 on each side 3 on each side 3 on each side 3 on each 
side 
2 on each side ‘’ 
Anionic radii 
(Å) 
*1.635 ‘’ *1.635 ‘’ *1.635 ‘’ 
T1/2 (K) 188 ‘’ 255 ‘’ paramagnetic ‘’ 
Completeness of 
SCO (%) 
60  
‘’ 
55 ‘’ paramagnetic ‘’ 
*Literature value.16 
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9.2.1 Intrahelical Fe(II) Separation 
The helicate architectures investigated in this section utilise one of the three ligands described 
in previous chapters (L1, L2 and L3), differing by the identity of the -X- atom linking the two 
bidentate arms of the ligand (X = C, S, O). The identity of this atom and its electronic 
arrangement changes the C-X-C angle, and as a result, the intrahelical Fe(II) separation—the 
distance between the two SCO Fe(II) centres of the helicate structure—will change 
accordingly. Other effects such as distortion of the octahedral coordination sphere and changes 
in the steric arrangement of the imidazoleimine donor groups, can also control the intrahelical 
separation. Analysis of the Fe…Fe distance in the series of fifteen helicates showed that the 
magnetic susceptibility of these structures tends towards higher completeness values with 
smaller intrahelical separations (Figure 9.10). Furthermore, the T1/2 values demonstrated a 
similar relationship with the intramolecular Fe…Fe separations (Figure 9.11). 
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Figure 9.10. Intrahelical Fe(II)…Fe(II) separation for the (a) -C-, (b) -S- and (c) -O- helicate series of anions.    
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Figure 9.11. The T1/2 as a function of intrahelical separation for a) -C-, b) -S-, c) -O- and d) combination of all 
three series of helicates.  
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When the number of steps was plotted as a function of intramolecular Fe…Fe distance, it 
appears that two-step transitions occur more regularly at larger separations, while smaller 
separations favour single-step transition profiles (Figure 9.12). Although, it must be pointed 
out that a significant region of overlap occurs between the two and one-step transitions from 
around 11.46 Å to 11.74 Å. Between these values of Fe…Fe distances (the region of significant 
overlap) it is far more likely that the number of steps observed in the SCO profile is more 
severely dependant on other parameters.  
In summary, as the Fe…Fe distance increases in the helicate compounds investigated, the 
completeness and the T1/2 values decrease, while the likelihood of the material exhibiting a 
two-step transition increases.  
 
Figure 9.12. The relationship between the number of steps in the spin-transition profile and the intramolecular 
distance between the two Fe(II) centres of the dinuclear triple helicate architecture.  
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be expected to be related to the intrahelical separation, although the opposite trend with T1/2 is 
observed. It would be expected that as the C-X-C angle was to increase, the result would be a 
larger Fe…Fe separation. Although the opposite relationship with T1/2 was observed for these 
two parameters.  
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The -S- compounds demonstrated angles between 103.2 and 105.3 Å, the -C- angles were 
between 113.6 and 115.01 Å and the -O- angles were between 115.78 and 116.58 Å. This 
reflects the steric nature of the lone pairs of electrons of the linking C, S and O atoms, imposing 
different electronic repulsions on the C-X-C angle. Figure 9.13 compares the T1/2 values as a 
function of the C-X-C angle for the -C-, -S- and -O- series, demonstrating the difference in 
central angles between the three helicate architypes. The T1/2 was found to increase with larger 
C-X-C angles 
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Figure 9.13. The observed T1/2 as a function of the C-X-C angle in the a) -C- series, b) -S- series, c) -O- series 
and d) combination of all three. Figure d) shows how the C-X-C angle changes with the identity of X. 
 
104 106 108 110 112 114 116
0
50
100
150
200
250
300
 -C-
 -S-
 -O-
T
1
/2
C-X-C angle (degrees)
d) 
115.8 116.0 116.2 116.4 116.6
0
50
100
150
200
250
300
-O- angle (degrees)
T
1
/2
c) 
344 
 
9.2.3 Coordination Geometry 
Throughout previous chapters, the parameter ∑ has been used to represent the sum of the 
distortions of the coordination sphere from perfect octahedral geometry. Equation 12 of the 
introduction demonstrates how this parameter is calculated. Previous studies on a range of 
dinuclear Fe(II) compounds, concluded that strong octahedral distortions (high ∑, 
corresponding to a weaker ligand field) in the [HS-HS] spin-isomer stabilised the HS-state. 
Furthermore, the relative degree of octahedral distortion in the [HS-HS] state was a large 
contributing factor as to whether the full [HS-HS] ↔ [LS-LS] transition, or the half [HS-HS] 
↔ [LS-HS] transition occurred. A large distortion on the HS site was found to prevent the 
formation of the [LS-LS] form.17,18 
Interestingly, the dependence of the -C-, -S- and -O- helicate series on the HS octahedral 
distortion showed a general trend towards greater percentage completion with higher distortion 
values. On the contrary, as seen in Figure 14, the two most complete transitions observed in 
the series (belonging to S3 and O3) demonstrated the smallest ∑ values, as would be expected 
from the results on previous dinuclear Fe(II) compounds.17,18 There is a dramatic difference 
between the extent of completion in the two I- salts mentioned above—with 92% LS fraction 
at low temperatures—and the rest of the series that could be examined crystallographically in 
the HS-state; with LS fractions between 40 and 60% at low temperatures. In this way, it may 
be concluded that while the bulk of the series exhibits higher completeness with larger HS ∑, 
the completeness values in this range of compounds are all 50% +or- ca. 10%; that is they are 
all ‘trapped’ in the [LS-HS] state at low temperatures. While on the other hand, the two 
compounds that do demonstrate practically complete SCO display the lowest HS ∑ values. 
Therefore, more complete access to the [LS-LS] state is most likely favoured by lower HS 
values of ∑, as there is less reorganisation energy required in the transition to the enthalpy 
favoured [LS-LS] state. Lowering of lattice energy in the [LS-LS] state would decrease the 
prospects of the material passing through a [LS-HS] intermediate phase or being stuck in a 
halfway-transitioned state. This stabilisation of the [LS-LS] state with the lowest HS ∑ is, as 
mentioned above, in accordance with previous literature on dinuclear Fe(II) compounds.17,18 
In the HS-state, the increased bond lengths and ∑ values (that arise from greater electronic 
repulsions upon occupation of the eg orbitals), would theoretically lead to a lower ligand field 
splitting energy experienced at the metal centre. The degree of distortion in the HS-state was 
found to roughly correspond to the T1/2, with larger ∑ found to coincide with lower values of 
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the critical temperature (Figure 9.15). Lower T1/2 values are symptomatic of a weaker ligand 
field, and the observed correlation demonstrates this phenomenon.  
 
Figure 9.14. A plot of the SCO percentage completeness as a function of the HS octahedral distortion (∑). The 
general trend for the mid-range completeness values shows an increase in completeness with ∑, while on the other 
hand the two highest completion values occur at lower ∑.   
 
Figure 9.15. A plot of T1/2 vs HS ∑ for the -C-, -S- and -O- series.  
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The change in distortion between the HS and LS-centres (Δ∑) can be used to assess how 
severely the coordination environment of the Fe(II) centre must distort during SCO. As can be 
seen in Figure 9.16, it appears that larger Δ∑ affords a higher T1/2 value, while the completion 
of SCO demonstrates no dependence on these changes in coordination distortion. One possible 
explanation for this relationship between T1/2 and Δ∑, may be that larger changes in the 
coordination sphere and ligand conformation require more thermal energy, and as a result, the 
spin-transition in these compounds occurs at higher temperatures. Drawing together the results 
from Figure 9.15 and Figure 9.16 (HS ∑ Vs T1/2 and Δ∑ Vs T1/2), it can be seen that lower HS 
∑ and higher Δ∑ favour higher T1/2. This aligns with ideas of Murray17 and Marouzenko18 
above, that suggest the LS-state is stabilised in compounds with lower HS ∑ values, as higher 
T1/2 values are often symptomatic of a more stable LS state.  
 
 
Figure 9.16. The relationship between T1/2 and Δ∑ values in the -C-, -S- and -O- dinuclear Fe(II) triple helicate 
series studied. The critical temperature was observed to increase with larger Δ∑.  
 
9.2.4 Supramolecular Connectivity 
In the -C- and -O- systems, the number of steps observed in the spin-transition was typically 
higher for systems where supramolecular interactions connected adjacent helicates to a greater 
extent. Figure 17 shows the number of steps in the transition profile as a function of the 
dimensionality of interconnecting electrostatic intentions. In this case, one-dimension refers to 
a chain of interconnected helicates along a single crystallographic axis, two-dimensions refers 
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to sheets of helicates linked along a crystallographic plane, while connectivity in three-
dimensions extends in all directions throughout the lattice.  
 
Figure 9.17. The number of steps in the observed spin-transition as a function of the dimensionality of significant 
intermolecular interactions linking neighbouring helicates in the -C-, -S- and -O-architectures for the five separate 
counterions (ClO4-, BF4-, I-, Br- and Cl-) investigated.  
As a general trend over the fifteen helicate systems studied, it appears that the number of steps 
involved in SCO is higher with increased dimensionality of intermolecular interactions. The 
only compound to remain paramagnetic and not experience SCO (O5) displayed no significant 
intermolecular interactions, while all compounds that exhibited two-steps were found to have 
interactions connecting adjacent helicates. Two possible explanations for this are that, firstly, 
more extensive networks of interactions throughout the lattice may lower the lattice energy of 
an intermediate state or phase relative to the half-way point between the [HS-HS] and [LS-LS] 
states, stabilising this intermediate phase producing a plateau in the spin-profile. Secondly, it 
could be that more extensive interactions between adjacent helicates may not be the same in 
all directions. For example, certain intermolecular interactions may act in one direction at one 
part of the helicate architecture, while others may act in a different direction at different ends 
of the dinuclear compound—that is hydrogen-bonding is not symmetric at both Fe(II) centres 
(see Table 9.1-Table 9.5)—creating two energetically separate cooperative interactions 
occurring throughout the lattice, or two slightly different ligand field environments. As can be 
seen in Tables 1-5, the single-crystal structures of C2 and S2 at 298 K, as well as S3, O3, S4 and 
C4 at 100 K, were found to have asymmetric distributions of X-…H-N hydrogen-bonding at the 
0 1 2 3
0
1
2
 -C-
 -S-
 -O-
N
u
m
b
e
r 
o
f 
S
te
p
s
 i
n
 S
p
in
-t
ra
n
s
it
io
n
Dimensionality of Intermolecular Interactions
348 
 
three 4-position imidazole groups at either end of the molecule.  Three of these compounds 
demonstrated a two-step transition, while the other three did not, suggesting that the asymmetry 
of hydrogen-bonding contacts is not a significant contributing factor to a two step-spin-
transition in these compounds.  
Further, a relationship between the degree of intermolecular connectivity throughout the lattice 
and the T1/2 value was also found in the -C- and -O- series, while conversely the -S- helicate 
architecture showed no such trend with anion substitution (Figure 9.18 a), b) and c)). The 
observed T1/2 values decrease with more extensive supramolecular contacts in the -C- series of 
counter ions. On the other hand, the -O- series produced the opposite trend. It is interesting that 
these two trends act in opposite directions, and hence this relationship only provides structure-
function insights for individual helicate architectures, not for the three analogous series studied. 
Each series demonstrates an alternative dependence between the array of intermolecular 
interactions and the T1/2 value, and for this reason, no correlations can be accurately made in 
regard to these parameters. 
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Figure 9.18. T1/2 VS the array of intermolecular interactions (0, 1-, 2- or 3-Dimensions) throughout the lattice in 
the -C- (a), -S- (b) and -O- (c) series. The -S- series shows no dependence, while -C- and -O- display opposite 
trends.   
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9.2.5 Hydrogen-Bond Distance 
The reported effects of anion identity on the thermodynamics of spin-crossover has been 
historically inconsistent and there has been few predictable relationships found between anion 
size and SCO temperature.19–25 When the ligand donor moiety contains hydrogen-bond donors, 
the strength of the cation…anion hydrogen-bonding may have an influence on the SCO. 
Chapters six and eight address the effect of the hydrogen-bonding contacts between the external 
4-position imidazole N-H of the helicate architecture and three series of halide counter ions (I-
, Br- and Cl-). Those chapters found that in the three series of halide anions (I-, Br- and Cl- salts 
of -C-, -S- and -O- respectively), as the N-H…X- distance decreases (stronger hydrogen-
bonding interactions) the T1/2 decreases. Such an effect was attributed to the redistribution of 
electron density throughout the coordinate bond donor 4-imidazole group as a result of 
hydrogen-bonding interactions, decreasing the basicity of the ligand donor. The following 
section of this chapter explores the nature of this relationship throughout the entire series of 
fifteen helicate compounds explored in this study.   
Figure 9.20 illustrates that the trend observed in chapters six and seven applies to the entire 
series of helicates—the -C-, -S- and -O- architectures with ClO4-, BF4-, I-, Br- and Cl- counter 
ions—the only exception being towards the higher N-H…X- distance of the -O- series. When 
compiled into a single graph in Figure 9.21, a clear trend emerges whereby the T1/2 falls to 
lower values with closer hydrogen-bonding distances. Similar trends were observed in a series 
of [Fe(trim)2]X2 compounds,
26 a solvent free [Fe(pic)3]
2+ series27 as well as multiple other 
studies.28,29 There have also been extensive series reported that demonstrate the opposite trend, 
in which the T1/2 increased with decreased hydrogen-bonding strength.
30–33 An important 
difference that has been observed between the trends in the direction of T1/2 values with 
hydrogen-bond distance in these respective studies, is the position of the non-coordinated 
imidazole nitrogen atom that is participating in N-H…X- hydrogen-bonding; the 2- or 4-position 
(Figure 9.19). It seems the 2-position favours higher T1/2 values with closer N-H
…X-,28,32,33 
while the inverse is the case for the 4-position imidazole observed in this study.  
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Figure 9.19. Schematic representation of the 2- and 4-position imidazole moieties discussed above. In general, 
those structures utilising the 2-position often exhibit an increase in T1/2 with hydrogen-bond strength, while the 
opposite trend was observed for the large series of 4-position compounds explored in this series.  
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Figure 9.20. Plot of T1/2 as a function of N-H…X- (X- = counter ion) hydrogen-bond distance in the -C- (a), -S- 
(b) and -O- (c) series, illustrating the relationship whereby closer N-H…X- contacts give rise to lower T1/2 values.  
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Figure 9.21. Combined plot of the -C-, -S- and -O- series’ T1/2 values Vs 4-position imidazole N-H…X- hydrogen-
bonding distances, demonstrating the overall dependence of T1/2 on the hydrogen-bonding distance across the 
entire series. Figure a) shows the T1/2 values in relation to the C-X-C series it belongs to, and b) simply 
demonstrates all the collective data points.  
Similarly, although not as precisely, the degree of completion of SCO in the material, as a 
percentage of the Fe(II) centres undergoing a HS↔LS transition, was found to increase in 
analogous manner (Figure 9.22). The experimental completeness of the spin-transitions 
increased with longer N-H…X- interactions. In other words, shorter N-H…X- contacts lowers 
both the T1/2 and completeness. It is a possibility that the charge redistribution due to hydrogen-
bonding acts to alter the ligand field experienced by the Fe(II) centres. Critical temperatures 
shifted to lower temperatures are usually symptomatic of a decreased ligand field. As an 
example, the T1/2 values of the Fe(II) compound studied with XPS in chapter 2,
34 are much 
higher than those of the dinuclear triple helicates explored throughout chapters four to eight as 
a result of the stronger ligand field of the 4-thioimidazole donor relative to the 4-imidazole 
analogue. A greater splitting energy spaces the T2g and eg states further apart in energy, 
stabilising the pairing of electrons in the T2g orbitals and hence the enthalpy favoured LS-state. 
More thermal energy is required for occupation of the entropy driven HS-state in this case. In 
such a manner, stronger N-H…X- interactions at the exterior of the moiety directly coordinating 
the SCO Fe(II) centre in these helicate series, may result in a weaker ligand field experienced 
at the Fe(II) centres. 
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Figure 9.22. Combined plot of the relationship between the N-H…X- hydrogen-bond distance and the 
completeness of SCO in the -C-, -S- and -O- series.  
Crystallographic analysis shows that the number of solvent molecules and counter ions 
participating in hydrogen-bonding interactions with the non-coordinating imidazole N-H is 
different throughout the series and varies randomly (Table 9.1-Table 9.5). Only the -C- series 
showed a relationship between the T1/2 values and the number of N-H
…X- interactions per 
helicate, while no trends whatsoever were observed between the number of solvent molecules 
participating in hydrogen-bonding to the imidazole moiety. This may indicate that the identity 
of the counter ion has a more profound influence on the T1/2 value than that of the solvent 
molecules of crystallisation participating in solvent…H-N interactions.   
The -C- helicate architecture showed an almost linear relationship between the critical 
temperature of spin-transition and the number of imidazole N-H…X- interactions per helicate 
(the maximum number possible is six). One outlier, the C1 compound, was present in the plot 
of T1/2 Vs the number of helicate N-H-to-anion hydrogen-bonding (Figure 9.23). No 
relationship was found for the -S- or -O- series however. The trend observed in the -C- series 
is consistent with the observation that stronger N-H…X- interactions seemingly manifest in 
lower T1/2 values.    
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Figure 9.23. Critical temperature of SCO in the -C- series as a function of the number of anion hydrogen-bonding 
interactions with the external imidazole, N-H…X-, in each helicate. The line of best fit includes the data point for 
the outlier.  
 
9.2.5.1 Anionic Radius Vs Hydrogen Bonding 
 
As would be expected, the hydrogen-bonding distance of the compounds studied increased 
with the anionic radius (representing the size of the anions) observed in X-ray diffraction 
experiments (Figure 9.24). As such, when the magnetic susceptibility parameters (T1/2 and 
completeness) are plotted against the anion radius (Figure 9.25) the trends resemble those 
discussed above for hydrogen-bonding distances. The values for the anionic radii of I-, Br- and 
Cl- were taken from the literature,16 while the radii of BF4
- and ClO4
- were estimated from their 
average B-F and Cl-O bond lengths.   
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Figure 9.24. Plot of N-H…X- hydrogen-bond distance Vs anionic radius of the participating counter ion. It can be 
seen that hydrogen-bond distance increases with anionic radius.  
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Figure 9.25. Anionic radius VS a) T1/2 and b) completeness.  
 
9.2.5.2 Crystal Density; Splitting the Influence of Hydrogen-Bonding and Anion Size 
 
It has been previously shown that higher crystal packing densities may result in many short 
intermolecular contacts, which subsequently, can prevent the structural distortions necessary 
for a change in spin-state.35 No relationship was found to exist between the T1/2 or percentage 
completeness of SCO and the crystal density (Figure 9.26).  This series showed crystal density 
had a seemingly random effect on the SCO, with one of the two more complete spin transitions, 
visible in Figure 9.27, showing the largest crystal density, while the other showed a moderate 
crystal density. Consequently, although the anion size and hydrogen-bond distances are related, 
it seems the hydrogen-bonding distance is more likely the cause of the similar trends observed 
between the T1/2 and these structural parameters, and that the cause of observed trend is 
electronic in nature, rather than steric. As described by Tuchagues et al.,26 hydrogen-bonding 
may decrease the basicity of the ligand donor group, stabilising the HS-state and decreasing 
the T1/2 value. If hydrogen-bonding is not responsible, it would most likely be the anions 
charge:size ratio36,37 or its electronegativity,38 and in either case, the stronger electrostatic 
interactions throughout the crystal lattice would favour the more compact LS-state (as the LS-
state has a higher charge:size ratio than the HS-state) and result in an increase in the T1/2 for 
smaller anions, as observed previously.21,22,31,36–41 As the trend in T1/2 observed in this study 
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changes in a manner consistent with a loss of basicity (weaker ligand field) with stronger 
interactions, not in the manner expected from charge:size, electronegativity or crystal density 
effects, it may be concluded that the effect is more likely a result of hydrogen-bonding 
interactions.  
 
Figure 9.26. The observed T1/2 for the -C-, -S- and -O- helicate series as a function of the crystal density, showing 
no consistent relationship.  
 
 
Figure 9.27. The observed percent completion of SCO for the -C-, -S- and -O- helicate series as a function of the 
crystal density, with no trend observed. 
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9.2.5.3 Theoretical Discussion of the Influence of Hydrogen-Bonding on Spin-Crossover in 
Dinuclear Triple Helicates 
 
Each complex in the three separate series possess the [Fe2N6] 2,4-imidazoleimine donor sphere. 
As a consequence, any changes in the ligand field experienced at an Fe(II) centre is not only 
the product of the contribution from the three imidazoleimine donors, but also from the only 
chemical species differing from one compound to another within each series—the counter ion 
and solvent molecules. As mentioned in section 8.2.5 above, and also visible in Table 9.1-Table 
9.5, the effect of solvent…H-N hydrogen-bonding on the T1/2 was random, and no relationship 
was identified. As a result, the trend in T1/2 values is most likely due to the anion induced 
electronic redistribution of imidazole electron density. As briefly mentioned above, one 
possible explanation was proposed in a study by Tuchagues et al. that revealed a similar trend 
in a series of halide salts of the form [Fe(trim)2]X2.
27 They proposed qualitatively that the 
inductive effect of the counter ion is transferred to the donor nitrogen atoms through hydrogen-
bonding and the imidazole ring (Figure 9.28).  As a result, the charge density of the hydrogen-
bonded anion can influence the basicity of the of the donor nitrogen atoms. In the 4-position, 
stronger hydrogen-bonding may diminish the electron density onto the donor nitrogen lone pair 
and throughout the imidazole ring, reducing the strength of the Fe-N coordinate bond. As 
multiple imidazole groups (between one and six external donor moieties) experience this effect, 
the ligand field experienced at the Fe(II) centres is reduced and the HS state is stabilised, 
reducing the T1/2.
27    
   
Figure 9.28. Schematic representation of the manner with which the anion may have an inductive effect on the 
ligand field of the 2,4-imidazole group. 
X 
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In order to investigate the potential electronic behaviour of the N-H…X- hydrogen-bonding 
interactions, density functional calculations were performed using the Spartan 16 suite. The 
2,4-imidazole geometry was optimized using the B3LYP functional with the 6-311G* basis 
set. Following optimization, an electrostatic potential surface was generated using an isosurface 
radial value of 0.05 e/(a0)3 (where a0 is the Bohr radius). This was repeated with Cl
- and Br- 
counter ions within hydrogen-bonding distances, aligning very nicely with those distances 
observed in crystallographic experiments. Figure 9.29 below depicts the results of these 
calculations; the electrostatic potential surfaces of the 2,4-imidazole moiety with and without 
hydrogen-bonding interactions. Only the Br- and Cl- anions were found to settle into hydrogen-
bonding interactions by optimisation calculations, as a result the I- structure is not shown.  
The electrostatic potential surface illustrates the molecular charge distribution in three 
dimensions, an effective way with which to visualise variably charged regions of a molecule. 
Effectively, electrostatic potential energy measures the strength of neighbouring charges 
(electrons and nuclei) at a specific position in space. After the electrostatic potential is 
calculated, it is imposed onto an electron density model of the molecule calculated using the 
Schrödinger equation. Blue regions represent regions of highest electrostatic potential, while 
red regions depict the regions of lowest electrostatic potential. The areas of low electrostatic 
potential (red) possess a greater electron density, while those of higher potential (blue) 
represent the relative absence of electron density.  
The calculated electrostatic potential for the isolated imidazole molecule shows a red region 
around the coordinate bond donor nitrogen, green regions around the interior π-density and 
blue areas at the exterior of the molecule corresponding to the hydrogen atoms. The lone pair 
of electrons of the coordinating nitrogen atom, in the plane of the ring, corresponds to the red 
region of low electrostatic potential observed. Upon addition of a hydrogen-bonding Cl- anion, 
the red area on the imine nitrogen increases in size and red regions appear between the two 
adjacent carbons and the 4-position nitrogen possessing the hydrogen-donor atom of the 
electrostatic interaction. When the identity of the counter ion is changed to Br-, the region above 
the 4-position nitrogen increases in size, while the other two red regions decrease in size. This 
illustrates the superior inductive effect of the stronger hydrogen-bond acceptor, Cl-, and the 
manner with which electron density is drawn away from the donor nitrogen throughout the 
imidazole ring system.    
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These calculations further suggest that the N-H…X- hydrogen-bonding interactions could cause 
a redistribution of charge at the imidazole coordinate bond donor group of the triple helicate 
architecture. Furthermore, they indicate that the identity of the anion X-, and subsequently the 
hydrogen-bond distance, may alter the degree to which the charge density is rearranged, and 
may do so in a manner similar to that explained by Tuchagues and co-workers above. In this 
case, the inductive effect of the counter ion reduces the basicity of the nitrogen donor of the 
imidazole moiety (Figure 9.30). More extensive and thorough calculations should be 
undertaken to accurately assess if the hydrogen-bonding can actually manipulate the imidazole 
charge density in this way. Alternatively, variable temperature IR and Raman studies could be 
performed to study whether the strength of these intermolecular interactions are affecting the 
bond strengths (and hence vibrational frequencies) of the imidazole ring. If this is indeed the 
case, then the relationship between T1/2 and hydrogen-bonding distance observed in the 
magnetic susceptibility data presented above, shows a systematic intermolecular manipulation 
of the magnetic behaviour in this series of fifteen Fe(II) dinuclear triple helicate compounds.         
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Figure 9.29. Electrostatic potential surface for the 2,4-imidazole moiety a) without and b) and c) with hydrogen-
bonding at the 4-position N-H donor. Green spheres represent Cl-, red Br- and blue N. Moving from blue (high) 
through to red (low), the map depicts the calculated value of the electrostatic potential.  
 
 
 
 
Figure 9.30. Schematic representation of the electrostatic potential map of the ligand illustrated in Figure 27 
above, with and without Cl-…H-N hydrogen-bonding, demonstrating the inductive effect of the hydrogen-bonding 
interaction at the 4-position nitrogen, drawing electron density towards that end of the molecule.  
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9.2.6 Paramagnetic Vs High Completeness SCO Compounds; Effect of Intermolecular 
Steric Contacts on the Manifestation of Spin-Crossover  
Of the fifteen helicates examined in this chapter, only one failed to exhibit SCO and remained 
paramagnetic at low temperatures. This compound was O5, or the Cl- salt of the -O- series. On 
the contrary, two compounds—the -S- and -O- I- salts (S3 and O3)—exhibited the most 
extensive SCO, with only ca. 8% of Fe(II) remaining in the HS-state at low temperatures. A 
thorough structural comparison of these compounds would be most insightful in the attempt to 
uncover the origin of such vastly dissimilar magnetic susceptibilities in compounds differing 
only by the identity of the counter ion.  
The structural parameters in Table 9.3 and Table 9.5 do not differ to a great degree for these 
compounds in the HS-state. Consequently, the crystal packing was analysed to determine any 
outstanding differences that could stabilise the [HS-HS] state in O5 and the [LS-LS] state in S3 
and O3. Analysis of the three-dimensional crystal packing arrangement in O5 may provide one 
mechanism by which the compound remains HS; steric congestion. Adjacent helicates are 
brought into relatively close proximity by non-classical O…H-Cimidazole hydrogen-bonding 
(2.810 Å) and benzene-to-imidazole edge-to-face π-interactions (3.159 Å) of neighbouring 
helicates (Figure 9.31). In such a manner, the central C-O-C region of the triple helicate 
architecture in one molecule settles into the ‘groove’ formed by the two imidazole groups of 
the adjacent helicate, forming rows of undulating, tightly packed molecules along the 
crystallographic b-axis (Figure 9.32). As illustrated in Figure 33, in which the neighbouring 
helicates are depicted in a space-filling representation (atom size times the van der Waals radius 
equal to one), the packing of helicates so closely, and more importantly, the steric congestion 
of the imidazole groups that constitute the Fe(II) coordination environment, may prevent the 
conformational distortions necessary upon SCO. The helicates are, as a result, ‘trapped’ in the 
[HS-HS] form by steric congestion. These close groove interactions occur on both sides of the 
molecule, with each helicate participating in the O-acceptor and N-H-donor roles on opposing 
sides. As a result, these interlocking interactions may lock the molecule in the HS 
conformation, preventing geometric access to the [LS-LS] state. The three regions that must 
undergo the most severe changes in conformation upon SCO, are the central benzene moieties 
and the two imidazoleimine coordination spheres at either end of the molecule. Figure 9.31 
illustrates that in the packing arrangement of O5, these three regions are highly congested.  
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As demonstrated by other compounds in this series and many other reported compounds in the 
literature, the ligand field of the FeN6 coordination environment formed by the imidazoleiminie 
donor moiety is usually within the range to induce a spin-transition in an Fe(II) centre.1,2,4,5,10,42 
The external Imidazoleimine coordinating groups must undergo the most severe distortion in 
the complex upon a change in the electronic configuration of the d-manifold with SCO. Usually 
the Δ∑ is between 25-40⁰. In this case, it seems quite possible that the enthalpy favoured 
electronic transition from HS→LS at low temperatures is hindered by the intermolecular steric 
crowding of the Fe(II) coordination sphere that must distort so severely. The inhibition of SCO 
by intermolecular steric contacts of the surrounding lattice has been demonstrated in Fe(II) tren 
podand complexes,43,44 [Fe(NCS)2(dppa)] compounds
45,46 and [Fe(pic)3]
2+ salts.47 Previous 
studies suggest that the steric crowding of the ligand donor groups tends to stabilise the larger 
HS-state.48–52     
Figure 9.31. Schematic representation of the non-classical O…H-Cimidazole hydrogen-bonding (2.810 Å) and edge-
to-face benzene-to-imidazole π-interactions (3.159 Å) of neighbouring helicates in O5 viewed along the a) end 
and b) side of the helicate architecture. This demonstrates the manner with which intermolecular interactions 
facilitate the centre of one helicate to settle into grooves of the external imidazole groups of adjacent molecules. 
Interaction distances are represented by green dotted lines. Solvents and counter ions are omitted for clarity.  
b) 
a) 
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Figure 9.32. Crystal packing diagram of O5, illustrating how non-classical O…H-Cimidazole hydrogen-bonding 
interactions connect neighbouring helicates in very close proximity along the crystallographic b-axis. a) is 
orientated down the a-axis and b) is viewed down the c-axis.  
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In comparison, the crystal lattice of O3 does not experience such close steric interactions 
between neighbouring helicates. One side of each helicate does experience similar edge-to-face 
π-interactions (2.935 Å) between a benzene and imidazole group of neighbouring helicates, 
while in contrast to O5, the opposite side of the molecule does not contain the same steric 
congestion; that is, the oxygen of the middle of the helicate architecture does not settle in the 
groove of the external imidazole moieties. As a result, the Fe(II) coordination environment in 
O3 does not experience steric crowding at both ends of the molecule, and may therefore, be far 
more capable of enduring larger changes in conformation required to reach the [LS-LS] state, 
as found to be the case in magnetic susceptibility measurements.  
The cause of the greater separation of the helicate compounds may also be steric in nature. 
The major outstanding difference in the crystal lattice of the O3 and S3 compounds that 
produce a practically complete SCO and all other in the series, is that they contain a single 
triiodide anion. This bulky counter ion (MW = 380.712 gmol-1) is positioned in between the 
central regions of three neighbouring helicates, occupying a relatively large volume and 
effectively spacing the helicates throughout the lattice (Figure 9.34 and Figure 9.35). 
Reduced steric crowding of the Fe(II) coordination sphere by the I3
- anion may influence the 
ability of the structure to distort with SCO at both Fe(II) sites of the dinuclear compound and 
more efficiently access the [LS-LS] state. As mentioned earlier, several studies have provided 
structural, magnetic and computational evidence to suggest that steric crowding around the 
ligand donors in the HS crystal structure tends to result in the stabilisation of the HS-
state.48,50–52 In a similar way, the degree of steric crowding of the Fe(II) coordination 
environment may be an important factor in the total absence of SCO in O5 and the largely 
complete SCO in O3; congestion of the coordination environment being extensive in the 
paramagnetic lattice, effectively locking the compound in the [HS-HS] state. 
367 
 
 
 
Figure 9.33. Crystal packing diagram of O5 in a space-filling representation (the van der Waals radius), 
demonstrating the nature in which close packing of the centre of one helicate architecture into the ‘groove’ formed 
by imidazole donor moieties of the adjacent helicates may cause steric congestion of the Fe(II) coordination 
sphere, preventing SCO at the commonly SCO active Fe(II)N6 metal centre. The green circle indicates the site of 
O…H-Cimidazole hydrogen-bonding interactions.  
Non-classical O…H-
Cimidazole hydrogen-
bonding 
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Figure 9.34. Schematic representation of the single-crystal X-ray diffraction structure of O3 with the triiodide 
anion depicted in the space-filling mode in purple (the van der Waals surface is shown by the space-filling). The 
bulky anion sits in between three adjacent helicates, preventing steric crowding of the Fe(II) coordination 
environment by neighbouring helicates.   
 
 
 
Figure 9.35. Representation of the crystal packing in O3, illustrating the distribution of the triiodide anion 
throughout the lattice, spacing adjacent helicates. a) is shown down the ends of the helicate architecture, while b) 
is shown along the length of the helicates. 
 
a) b) 
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In a similar manner, in chapter seven, two co-crystals of C3 were reported to affect the 
completeness of SCO on the basis of steric effects. Compound 2 demonstrated a steric 
crowding of the dinuclear triple helicate architecture by 1,4-diiodo-2,3,5,6-tetrafluorobenzene 
(DITFB) molecules settling into the grooves at the central region of the structure, while also 
participating in π-interactions with the external imidazole moieties, linking helicates along the 
c-axis. In this manner the DITFB molecules of the co-crystal crowded the import regions of 
distortion of the helicate architecture, effectively locking the structure in the [LS-HS] state at 
room temperature and allowing access to the[LS-LS] state at low temperatures (Figure 9.36). 
On the other hand, the benzenetricarboxylicacid (BTC) co-crystal, 3, exhibited a full spin-
transition. This was attributed to the steric spacing effect of the triiodide anion, as well as the 
hydrogen-bonding spacing effect of the six-fold hydrogen-bond donor BTC2- anions. The 
combination of these two effects results in a more distanced packing arrangement of helicates 
throughout the crystal lattice, relieving steric congestion and permitting the helicate molecules 
to undergo SCO at both Fe(II) centres (Figure 9.37 and Figure 9.38). These two co-crystallite 
compounds serve as an example of this steric crowding mechanism of SCO in these dinuclear 
triple helicates. The general C3 helicate architecture utilised is most definitely capable of 
undergoing the necessary distortions to permit SCO at two Fe(II) centres of the molecule, as 
demonstrated in 3, and is not trapped by intramolecular restrictions of the semi-rigid ligands 
like those compounds investigated by Murray, Brooker and Gütlich.53–55 Instead, a more likely 
possible explanation for the extent of SCO (completeness) in these helicate compounds is the 
degree of steric crowding of the ligand architecture at the three important distortion sites (the 
middle and two ends) by adjacent helicate compounds. This example also highlights the fact 
that crowding experienced by the helicate compounds can be manipulated with the inclusion 
of large sterically bulky counterions or molecules (such as triiodide), as well as through the 
addition of extensively multi-dimensional hydrogen-bonding with co-crystals, such as is the 
case with BTC2-.  
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Figure 9.36. Space filling representation of 2 from chapter seven, depicting the role of DITFB molecules in 
crowding the Fe(II) coordination sphere through π-interactions, locking the helicate structure in the [LS-HS] state 
at room temperature. 
a) 
Steric 
congestion of 
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groups 
b) 
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Figure 9.37. Schematic representation of the crystal packing in 3 from chapter seven, illustrating the manner with 
which the BTC2- hydrogen-bonding and bulky triiodide anions space out adjacent helicates throughout the crystal 
lattice. The lattice is shown down the a) a-axis and b) c-axis.  
 
a) 
b) 
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Figure 9.38. Space filling representation (van der Waals radius) of the crystal packing in 3, demonstrating the 
separation of a) the coordinating imidazole groups, and b) adjacent helicates throughout the lattice. The 
consequence of which is the steric freedom of the Fe(II) coordination sphere and a full SCO.  
 
a) 
Separation of 
imidazole 
groups 
b) 
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adjacent 
helicates 
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As per Table 9.6, it was observed that the crystal density of O3 is much higher than that of O5. 
Most commonly, a molecule in a denser crystal experiences a more compact environment that 
cannot so easily accommodate the ligand rearrangement required during SCO.56,57 In our case 
the densest structure possesses a full transition, while the paramagnetic structure has a very 
low crystal density. This may be a result of the triiodide anion in the structures of the -S- and -
O- I- salts, S3 and O3. It seems that the large soft nature of the triiodide anion (easily polarised 
with relatively weak effective nuclear charge experienced by valence electrons) in spacing 
adjacent helicates, can both simultaneously increase the crystal density of the compound and 
reduce steric crowding of the Fe(II) coordination sphere. As a consequence, O3 exhibits a 
relatively dense crystal lattice and a complete spin-transition.  
Another interesting difference in the single-crystal structure of O5, is that it is only one of two 
structures in the series to have water molecules participating in hydrogen-bonding at the 
external imidazole N-H site (the other being S4), with two waters and four chloride anions 
participating in hydrogen-bonding. The average H2O
…H-N distance in this structure is 1.97 Å.  
9.2.7 Two-Step Spin-Transitions  
In total, seven of the fifteen helicate compounds investigated in this series exhibited a two-step 
spin-transition at some degree of solvation (solvated or desolvated). In the magnetic 
susceptibility experiments of four of these compounds, namely C2, S2, O2, and C3, the existence 
of a two-step profile was dependant on the degree of solvation. As described in chapter 4 the 
BF4
- salts, C2, S2 and O2, exhibited a two-step transition when solvated and a single-step 
transition upon solvent loss. In contrast, C3 exhibited a single-step transition when solvated and 
a two-step profile upon desolvation.  
In six of the seven compounds transitioning in two-steps (O4 being the exception), a single-
crystal-to-single-crystal phase change was observed. All seven compounds underwent SCO in 
ca. half of the Fe(II) centres. The combination of a change in lattice symmetry, the half-
transition observed in magnetic susceptibility data and the values of crystallographic 
parameters (∑ and average Fe-N – Tables 1-5), are evidence that these helicates (other than 
C2) are trapped in a [LS-HS] intermediate form at low temperatures. The conformational 
change that is necessary to afford SCO at the Fe(II) centres is imposing such a strain on the 
lattice that a change in symmetry is necessary to accommodate these distortions. In this way, 
an intermediate [LS-HS] phase, in which one of the two Fe(II) centres has undergone SCO, is 
stabilised, and a two-step profile manifests. This has been explained theoretically as the lattice 
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energy of the intermediate [LS-HS] phase being lower than the half-way point between the 
[HS-HS] and [LS-LS] forms of the helicate compound.58  
Furthermore, the only two helicates in this series to undergo an approximately full [HS-HS] ↔ 
[LS-LS] transition were S3 and O3, both of which demonstrated a single-step transition. Also, 
as per chapter seven and section 8.2.6 above, C3 co-crystallised with benzenetricarboxylate 
also demonstrated a full single-step spin-transition. These findings indicate that the necessity 
for a phase change in the compounds presenting a two-step SCO above, may play a large role 
in trapping these helicates in the [LS-HS] form and preventing access to the [LS-LS] spin-
isomer. The change in lattice arrangement is simply too severe to occur at both Fe(II) centres 
and is consequently sterically hindered.  
The Cl- counter anion was the only of the five investigated to not demonstrate any two-step 
materials. Therefore, it may be concluded that the identity, size or hydrogen-bond strength of 
the counter ion has little influence on the manifestation of two-step SCO in these compounds. 
Instead, the answer may once more lie in the crystal packing arrangement. Closer analysis of 
the intermediate [LS-HS] crystal packing arrangement throughout the series, showed that in a 
similar argument to that constructed above for the paramagnetic O5, steric crowding of the 
Fe(II) coordination environment, may be responsible for the many half-transitions observed. 
The manner with which these compounds pack together to crowd one another was found to 
have two major modes/mechanisms. These will be referred to henceforth as the middle-to-
middle-end-to-end and the middle-to-end modes of packing. The single-crystal structure of S4 
will be used as an example of the middle-to-middle-end-to-end mode of packing, while the 
middle-to-end packing mechanism will be demonstrated using S1.   
In S4, molecules pack in a close manner, so that the C-S-C central region of the helicate 
architecture comes very close to penetrating the adjacent helicate, settling into a ‘groove’ in 
the centre of the neighbouring helicate formed by a highly distorted ligand (Figure 9.38). The 
close proximity of the sulphur atom is aided by this distorted ligand arrangement in the adjacent 
helicate, allowing the helicates to pack in a particularly close manner. In Figure 9.39 a)-c), 
benzene rings in question are coloured red, highlighting the distortion undergone to allow the 
sulphur atom of the adjacent helicate to approach and nearly ‘nestle’ into the groove formed 
by the two ligand substituents. This also allows the peripheral imidazole groups to crowd one 
other quite closely, the helicates packing side-on along the b-axis. As described above for the 
paramagnetic O5, steric crowding of the Fe(II) centres in the [LS-HS] intermediate phase of 
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this compound may explain why the material does not undergo any considerable [LS-HS] ↔ 
[LS-LS] transitions. Instead the [LS-HS] phase is trapped by congestion of the LS Fe(II) centre. 
There is not enough ‘free space’ in the lattice to permit the necessary structural rearrangements 
for a full [HS-HS] ↔ [LS-LS] transition.  
This mechanism is more effectively visualised by means of the molecular van der Waals radius 
(Figure 9.40). The van der Waals radius of an atom represents the distance of closet approach 
for another atom, and the subsequent van der Waals surface may then be conceived as the 
surface at which the molecule/atom might interact with other molecules/atoms.59 Figures 40 a) 
and b) demonstrate how the central sulphur atoms of one helicate strand manage to slot into 
the gap in the ligand strands of the helicate below, while Figure 9.40 and b) and c) illustrate 
how this close side-to-side molecular packing ‘locks’ the external imidazole groups into one 
another. Furthermore, in regard to the ability of the helicate architecture to distort with SCO, 
these close packing arrangements occur at three crucial areas; that is the central region, and 
both ends of the molecule. With these three important regions of molecular distortion 
experiencing steric crowding, it can be easily understood how SCO does not occur at both 
Fe(II) centres of the helicate.  
 
 
 
 
 
 
  
 
a) 
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Figure 9.39. Schematic representations of the middle-to-middle-end-to-end mode of packing in S4. The sulphur 
atom (yellow) can be seen to closely approach the adjacent helicate as a result of the distortion of the two central 
benzene molecules coloured red.  Two neighbouring helicates are shown along the a) side, b) diagonal and c) end.  
b) 
Distorted 
benzene groups 
c) 
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Figure 9.40. Space-filling representation (van der Waals surface) of S4, illustrating the middle-to-middle-end-to-
end mechanism of steric crowding in the crystal lattice. Two neighbouring helicates are shown along the a) side, 
b) diagonal (showing the middle-to-middle interaction) and c) end (showing the end-to-end interlocking). The 
neighbouring helicates are coloured red and green for clarity and Sulphur atoms have been left yellow to 
demonstrate where the centre of one helicate molecule docks into the groove between two ligands of the 
neighbouring molecule.   
Likewise, S2 shows middle-to-middle-end-to-end packing, very similar to S4 above. The 
sulphur atom is in close proximity to the gap between two ligands in the adjacent helicate, 
which is permissible due to a large distortion of the benzene rings away from the sulphur atom. 
In this way the sulphur can settle into the groove made between two ligands of the adjacent 
helicate. The distal imidazole groups are similarly arranged so as to penetrate the groove made 
between the ends of the ligand donors (Refer to Figure 9.40 for S4 above).  
The middle-to-end packing arrangement is present in the crystal lattice of S1. In this 
mechanism, the S atoms protrude into the grooves formed by the imidazoleimine groups, and 
adjacent helicates pack side on so that the half way point of one is next to the end of another 
(Figure 9.41). The S-benzene section of one helicate is brought near the groove formed by the 
external imidazole imine groups. Crucially, the central benzene moiety is orientated relative to 
Locking of 
imidazole 
groups – end-
to-end 
c) 
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the two relevant imidazole groups of the adjacent helicate in a manner that would most likely 
make it extremely difficult for the adjacent Fe(II) coordination environment to undergo the 
necessary distortions for SCO (Figure 9.42). The helicates pack in this manner along the c-
axis, arranged so that the HS-end of one molecule is closest to the HS-end of the adjacent 
molecule, and likewise for the LS-ends (Figure 9.43). This may explain why the LS-ends have 
been able to undergo SCO—the spin-transition occurring together at the one end of the helicate 
in pairs, while the other end then remains HS due to steric congestion. 
 
 
 
 
 
 
a) 
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Figure 9.41. Schematic representation of S1, demonstrating the middle-to-end packing arrangement, showing the 
central region of one helicate closely approaching the groove made by the distal imidazole groups of a 
neighbouring molecule. The relevant central benzene and peripheral imidazole groups of adjacent helicates are 
shown in red, highlighting the steric crowding of the Fe(II) coordination environment by the S-benzene region of 
adjacent helicates. Purple and orange represent LS and HS Fe(II) centres respectively. Figure a) depicts the 
helicates side-on, while b) is shown down the diagonal.  
b) 
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Figure 9.42. Van der Waals surface representation of the crystal packing in S1, illustrating the middle-to-end 
mechanism of steric crowding at the Fe(II) coordination environments of each molecule. Adjacent helicates are 
coloured red and green for clarity and sulphur atoms are shown in yellow. Figure a) depicts two interlocking 
molecules, highlighting the role of the central S-benzene region in blocking distortion of the adjacent Fe(II) centre.  
Figures b) and c) show one green helicate locked at both ends by neighbouring red molecules from a side and 
diagonal viewpoint respectively.  
b) 
c) 
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Figure 9.43. Crystal packing diagram of S1, indicating the arrangement LS (purple) and HS (orange) centres 
throughout the crystal lattice of the intermediate [LS-HS] phase. The Fe(II) centres participating in middle-to-end 
steric congestion occur at the same end of adjacent helicates, demonstrating how one Fe(II) centre of each 
molecule can undergo SCO, while the second remains trapped in the HS-state by crowding of the coordination 
environment.  Figure a) depicts the helicates down the a-axis, while b) is shown down the b-axis. 
a) 
b) 
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Similarly, C2 and O2 also exhibit close packing arrangements in a middle-to-end mechanism, 
locking the molecules into a tightly packed environment, which may likewise explain the half-
transition observed in magnetic susceptibility experiments. The crystal structure of C3 will not 
be discussed further as the two-step transition occurs in the desolvated crystal. Similarly, the 
[LS-HS] structure of O4 could not be obtained due to desolvation.  
To conclude this section, it can be seen from crystallographic analysis of all the available [LS-
HS] intermediates, whose bulk sample exhibited two-step spin-transitions, that the packing 
arrangement of adjacent molecules in the crystal lattice could be a major contributing factor to 
the manifestation of half-transitions in these compounds. As per Table 9.6, the Δ∑ is fairly 
uniform and shows no observable trends that coincide with the incidence of a two-step spin-
transition. It seems that Steric crowding of the Fe(II) centres may prevent SCO in these 
compounds. In other words, these helicate molecules are prevented from reaching the [LS-LS] 
state by intermolecular rather than intramolecular (large molecular distortion) means. A full 
transition at both Fe(II) centres is possible in these dincuclear triple helicate architectures (as 
observed in S3 and O3) when ample room is available in the crystal lattice to undergo the 
necessary distortions at the SCO centres.  
Before recently, the only two reported Fe(II) dinuclear triple helicates to exhibit a full [HS-HS] 
↔ [LS-LS] spin-transition both exhibited no appreciable intermolecular interactions 
connecting adjacent helicates throughout the lattice. In this context, it is unlikely that the 
largely complete spin-transition in the dinuclear triple helicate chemical architectures is 
dependent on the degree of intermolecular hydrogen-bonding or π-interactions. More recently, 
two new Fe(II) dinuclear triple helicates exhibiting a full spin-transition have been reported, 
one of which showed extensive intermolecular interactions.12 Furthermore, 3 (from chapter 
seven), S3 and O3 demonstrate that this chemical architecture can indeed undergo a full [HS-
HS] ↔ [LS-LS] spin-transition in the solid state, and that the previous train of thought—that 
intramolecular restrictions of the semi-rigid ligands prevent the full SCO at two Fe(II) centres 
of the one compound—may not be the most correct explanation for the commonly incomplete 
transition in these helicate compounds. Instead, as demonstrated above, it is possible that the 
completion of SCO is more dependent on the packing arrangement of the helicates throughout 
the crystal lattice and the effect of steric crowding of the Fe(II) centres, with greater steric 
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freedom producing a more complete SCO, with more steric crowding resulting in a reduction 
in SCO completion.  
Table 9.6. Important crystallographic parameters for the seven of fifteen compounds exhibiting a two-step 
transition during some form of solvation in magnetic susceptibility experiments.  
 C2 S2 O2 S1 S4 O4 C3 
∑ HS (⁰) 84.899 95.913 87.508 87.869 84.906 89.755 - 
∑ LS (⁰) - 59.40 - 60.09 58.05 - 64.93 
Δ∑ (⁰) 34.899 36.513 - 27.782 43.941 - 35.385 
Average Fe-
N (Å) 
2.13 2.00 
2.18 
2.10 
2.18 
2.09 
2.00 
2.20 
1.98 
2.19 
2.03 
2.20 2.06 
2.00 
Crystal 
density LS 
(or else HS) 
(g/mol/Å3) 
0.18 0.45 0.42 0.45 0.12 0.23 0.48 
 
9.3 Conclusions 
 
This chapter has presented the structure-function relationships in a series of fifteen Fe(II) 
dinuclear triple helicate compounds designed to exhibit SCO. Subtle changes in structure 
within each helicate series, -C-, -S- and -O- (counter ion identity), and between the helicate 
series (steric nature of the centre C-X-C atom of L), allowed selected structural and magnetic 
parameters to be compared in an attempt to identify magneto-structural correlations throughout 
the series. A brief summary of the observed magneto-structural correlations can be found in 
Table 9.7 below.  
In order to more effectively summarise the results of this study, the magneto-structural 
correlations will be split into inter and intramolecular effects. In regard to intramolecular 
correlations, firstly, it was observed that both the T1/2 and SCO completion decreased with 
larger Fe…Fe distances, while interestingly, larger values of the C-X-C angle of L (X = C, S or 
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O) resulted in higher T1/2 values. Furthermore, it was observed that for the half-complete spin-
transitions, larger HS∑ values (the octahedral distortion in the HS-state) demonstrated more 
complete SCO. On the other hand, the two compounds demonstrating a full SCO exhibited the 
lowest HS∑. More severe changes in octahedral distortion between the HS and LS Fe(II) 
centres, Δ∑, correlated with lower T1/2 values.  
When intermolecular parameters were considered, it was found that for the dimensionality of 
the X-…H-N (X = ClO4
-, BF4
-, I-, Br- or Cl-) hydrogen-bonding at the external imidazole 
coordinate bond donor group, that is in how many dimensions were adjacent helicates linked 
by intermolecular interactions, lower dimensionality favoured lower numbers of steps in the 
spin-transition, while more extensive networks of intermolecular interactions favoured two-
step transitions. In this respect, a large overlap region also appeared in the middle of the plot. 
The T1/2 value increased with greater numbers of X
-…H-N hydrogen-bonding interactions per 
helicate (maximum six) in the -C- series only.   
Moreover, the most extensive trend observed in regard to intermolecular interactions was the 
observation that for larger X-…H-N hydrogen-bond distances (weaker interactions), the T1/2 
increased. This was attributed to an inductive redistribution of charge in the imidazole ring, 
decreasing the basicity of the donor nitrogen with stronger interactions, consequently 
decreasing the ligand field experienced at the Fe(II) centres. In a related manner the anionic 
radius demonstrated an analogous trend, although, analysis of crystal density showed that the 
observed trend is more likely a result of electrostatic effects throughout the lattice, rather than 
steric.  
Furthermore, from the results of previously reported compounds exhibiting a full [HS-HS] ↔ 
[LS-LS] transition, those of Kruger and co-workers and our own thioimidazole compound,7,8,12 
those reported to possess a half-transition,1,2,5,11 and comparison of compounds with half- and 
full-transitions in this series, it may be concluded that the completeness of the SCO in such 
Fe(II) dinuclear triple helicate architectures is highly dependent on the degree of intermolecular 
steric crowding of the Fe(II) coordination environment. The ‘DNA-like’ grooves formed by 
these supramolecules allow relatively tight lattice packing of three crucial regions of distortion 
upon SCO, namely the central benzene groups and the two peripheral Fe(II) coordination 
spheres composed of imidazoleimine groups. Tighter packing and more pronounced crowding 
of these crucial regions prevents the distortion of the [Fe2N6]
2+ coordination environment 
necessary at both Fe(II) centres of the dinuclear architecture, effectively ‘locking’ the molecule 
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in either the [HS-HS] or [LS-HS] state at low temperatures, preventing access to the [LS-LS] 
spin-isomer. Alternatively, when these three important regions of the molecule have the 
necessary space to distort, a full spin-transition is observed. Therefore, the commonly observed 
incomplete SCO in such dinuclear helicate structures seems to be the result of intermolecular 
steric interactions rather than intramolecular strain. An interesting point of further study, in 
order to provide further evidence in favour of these conclusions, will be to measure the solution 
state SCO properties of these helicates, as in solution, without the steric restrictions imposed 
by crystal packing, the dinuclear triple helicate architecture investigated in this series should 
undergo a full SCO at both Fe(II) centres.  
The two major outcomes of this investigation were the effects of hydrogen-bond strength and 
steric crowding on the SCO profile of the dinuclear triple helicates in this series. Figure 9.44 
summarises these effects visually using the spin transitions from chapter 5 as an example.   
Table 9.7. The observed structure function relationships in the series of fifteen Fe(II) dinuclear triple helicate 
compounds investigated in this study.  
Parameters Observed relationship Series for which this is 
present 
Completion Vs 
intramolecular Fe…Fe 
distance 
↑Fe…Fe - ↓completion All 
T1/2 Vs intramolecular 
Fe…Fe distance 
↑Fe…Fe - ↓T1/2 All 
T1/2 Vs C-X-C angle ↑C-X-C - ↑T1/2 All 
T1/2 Vs Δ∑ ↑Δ∑ - ↓T1/2 All 
No. of steps in transition Vs 
Dimensions of 
intermolecular interactions 
↑dimensions - ↑No. of steps collectively 
No. of X-…H-N Vs T1/2 ↓No. of X-…H-N - ↑T1/2 -C- 
T1/2 Vs H-bond distance ↑H-bond distance - ↑T1/2 All 
Steric crowding Vs 
completion 
↑steric crowding - 
↓completion 
collectively 
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Figure 9.44. An example schematic illustrating the effects of X-…H-N (X = ClO4-, BF4-, I-, Br- or Cl-) hydrogen-
bonding strength and steric crowding of the Fe(II) centre on the SCO profile observed in the series of fifteen 
dinuclear triple helicates investigated in this study.  
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9.4 Supporting information 
9.4.1 Crystallography 
Single-crystal X-ray diffraction 
 
Table S9.1. Crystal data and structure refinement for C1 at 100 K.  
Identification code  c2onm_a  
Empirical formula  C71H64Cl4Fe2N22O16  
Formula weight  1734.94  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  20.547(4)  
b/Å  18.530(4)  
c/Å  20.875(4)  
α/°  90  
β/°  105.01(3)  
γ/°  90  
Volume/Å3  7676(3)  
Z  4  
ρcalcg/cm3  1.501  
μ/mm-1  0.599  
F(000)  3568.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data collection/°  3.312 to 56.56  
Index ranges  -27 ≤ h ≤ 27, -24 ≤ k ≤ 24, -27 ≤ l ≤ 27  
Reflections collected  63029  
Independent reflections  9392 [Rint = 0.0465, Rsigma = 0.0214]  
Data/restraints/parameters  9392/3/521  
Goodness-of-fit on F2  1.132  
Final R indexes [I>=2σ (I)]  R1 = 0.0948, wR2 = 0.2697  
Final R indexes [all data]  R1 = 0.0986, wR2 = 0.2721  
Largest diff. peak/hole / e Å-3  1.76/-0.87  
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Table S9.2. Crystal data and structure refinement 
for C1 at 270 K.  
 
Identification code  c2onc  
Empirical formula  
C67H60Cl4Fe2N20
O16  
Formula weight  1654.85  
Temperature/K  270(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  20.770(4)  
b/Å  19.118(4)  
c/Å  20.963(4)  
α/°  90  
β/°  105.15(3)  
γ/°  90  
Volume/Å3  8035(3)  
Z  4  
ρcalcg/cm3  1.368  
μ/mm-1  0.568  
F(000)  3400.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
4.538 to 52.746  
Index ranges  
-25 ≤ h ≤ 25, -23 
≤ k ≤ 23, -26 ≤ l 
≤ 26  
Reflections collected  52637  
Independent reflections  
7711 [Rint = 
0.0625, Rsigma = 
0.0402]  
Data/restraints/paramet
ers  
7711/10/521  
Goodness-of-fit on F2  1.044  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.0629, wR2 
= 0.1948  
Final R indexes [all 
data]  
R1 = 0.0638, wR2 
= 0.1957  
Largest diff. peak/hole 
/ e Å-3  
0.55/-0.51  
 
 
Table S9.3. Crystal data and structure refinement 
for S1 at 100 K:  
 
Identification code  FL260_a  
Empirical formula  
C65.5H56.25Cl4Fe2N20.7
5O16.5S3  
Formula weight  1747.74  
Temperature/K  100(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  13.852(3)  
b/Å  14.196(3)  
c/Å  20.808(4)  
α/°  77.91(3)  
β/°  78.88(3)  
γ/°  85.93(3)  
Volume/Å3  3923.9(15)  
Z  2  
ρcalcg/cm3  1.479  
μ/mm-1  0.664  
F(000)  1789.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for data 
collection/°  
2.036 to 49.418  
Index ranges  
-16 ≤ h ≤ 16, -16 ≤ k 
≤ 16, -24 ≤ l ≤ 24  
Reflections 
collected  
42422  
Independent 
reflections  
11491 [Rint = 0.0680, 
Rsigma = 0.0560]  
Data/restraints/para
meters  
11491/24/1063  
Goodness-of-fit on 
F2  
1.083  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0814, wR2 = 
0.2466  
Final R indexes [all 
data]  
R1 = 0.0988, wR2 = 
0.2606  
Largest diff. 
peak/hole / e Å-3  
1.48/-0.74  
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Table S9.4. Crystal data and structure refinement 
for S1 at 270 K.  
 
Identification 
code  
SC6_FeClO4_RT_19A
pril18_0ma_a  
Empirical 
formula  
C61H49.5Cl4Fe2N18.5O16S
3  
Formula weight  1647.37  
Temperature/K  270.0  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  20.861(5)  
b/Å  19.375(5)  
c/Å  21.029(5)  
α/°  90  
β/°  106.299(11)  
γ/°  90  
Volume/Å3  8158(3)  
Z  4  
ρcalcg/cm3  1.341  
μ/mm-1  0.633  
F(000)  3364.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for 
data collection/°  
4.498 to 54.982  
Index ranges  
-27 ≤ h ≤ 27, -25 ≤ k ≤ 
25, -27 ≤ l ≤ 27  
Reflections 
collected  
263870  
Independent 
reflections  
9318 [Rint = 0.0722, 
Rsigma = 0.0215]  
Data/restraints/p
arameters  
9318/9/493  
Goodness-of-fit 
on F2  
1.100  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0654, wR2 = 
0.2227  
Final R indexes 
[all data]  
R1 = 0.0835, wR2 = 
0.2483  
Largest diff. 
peak/hole / e Å-3  
1.37/-0.58  
 
 
Table S9.5. Crystal data and structure refinement 
for O1 at 100 K.  
 
Identification code  FL212_a  
Empirical formula  
C68H62Cl4Fe2N22
O20  
Formula weight  1760.89  
Temperature/K  100(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  19.983(4)  
b/Å  19.174(4)  
c/Å  21.247(4)  
α/°  90  
β/°  107.88(3)  
γ/°  90  
Volume/Å3  7748(3)  
Z  4  
ρcalcg/cm3  1.510  
μ/mm-1  0.599  
F(000)  3616.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.242 to 54.204  
Index ranges  
-25 ≤ h ≤ 25, -24 
≤ k ≤ 24, -26 ≤ l 
≤ 26  
Reflections collected  58364  
Independent reflections  
7810 [Rint = 
0.0271, Rsigma = 
0.0135]  
Data/restraints/paramet
ers  
7810/0/529  
Goodness-of-fit on F2  1.046  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.0431, wR2 
= 0.1122  
Final R indexes [all 
data]  
R1 = 0.0469, wR2 
= 0.1150  
Largest diff. peak/hole 
/ e Å-3  
0.91/-0.83  
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Table S9.6. Crystal data and structure refinement 
for O1 at 270 K.  
 
Identification code  c2onc_a  
Empirical formula  
C33H28.5Cl2FeN10.5
O9.5  
Formula weight  850.91  
Temperature/K  270(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  20.374(4)  
b/Å  19.461(4)  
c/Å  21.213(4)  
α/°  90  
β/°  107.99(3)  
γ/°  90  
Volume/Å3  8000(3)  
Z  8  
ρcalcg/cm3  1.413  
μ/mm-1  0.576  
F(000)  3488.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
3.936 to 56.558  
Index ranges  
-27 ≤ h ≤ 27, -25 ≤ 
k ≤ 25, -28 ≤ l ≤ 
28  
Reflections collected  59009  
Independent 
reflections  
9450 [Rint = 
0.0233, Rsigma = 
0.0145]  
Data/restraints/param
eters  
9450/10/521  
Goodness-of-fit on F2  1.075  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0595, wR2 
= 0.2021  
Final R indexes [all 
data]  
R1 = 0.0617, wR2 
= 0.2053  
Largest diff. 
peak/hole / e Å-3  
1.79/-0.59  
 
 
Table S9.7. Crystal data and structure refinement 
for S3 at 270 K.  
 
Identification code  p-1_a  
Empirical formula  
C60H47Fe2I4N18O2.
75S3  
Formula weight  1779.63  
Temperature/K  270(2)  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.394(2)  
b/Å  21.932(4)  
c/Å  34.486(7)  
α/°  106.19(3)  
β/°  95.36(3)  
γ/°  102.95(3)  
Volume/Å3  7953(3)  
Z  4  
ρcalcg/cm3  1.486  
μ/mm-1  2.045  
F(000)  3468.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
2.004 to 51.362  
Index ranges  
-13 ≤ h ≤ 13, -26 ≤ 
k ≤ 26, -42 ≤ l ≤ 
42  
Reflections collected  91787  
Independent 
reflections  
25497 [Rint = 
0.0280, Rsigma = 
0.0269]  
Data/restraints/param
eters  
25497/210/1606  
Goodness-of-fit on F2  3.758  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.2080, wR2 
= 0.7003  
Final R indexes [all 
data]  
R1 = 0.2287, wR2 
= 0.7199  
Largest diff. 
peak/hole / e Å-3  
6.78/-4.28 
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Table S9.8. Crystal data and structure refinement 
for S4 at 270 K.  
 
Identification code  c2onc_a  
Empirical formula  
C62H60Br4Fe2N18O
2.5S3  
Formula weight  1624.80  
Temperature/K  270(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  44.706(9)  
b/Å  9.933(2)  
c/Å  17.123(3)  
α/°  90  
β/°  103.55(3)  
γ/°  90  
Volume/Å3  7392(3)  
Z  4  
ρcalcg/cm3  1.460  
μ/mm-1  2.693  
F(000)  3272.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
1.874 to 52.742  
Index ranges  
-55 ≤ h ≤ 55, -12 ≤ 
k ≤ 12, -19 ≤ l ≤ 20  
Reflections collected  47290  
Independent 
reflections  
6845 [Rint = 
0.0432, Rsigma = 
0.0242]  
Data/restraints/param
eters  
6845/0/417  
Goodness-of-fit on F2  1.106  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0591, wR2 
= 0.1853  
Final R indexes [all 
data]  
R1 = 0.0632, wR2 
= 0.1897  
Largest diff. 
peak/hole / e Å-3  
1.05/-1.20 
 
 
Table S9.9. Crystal data and structure refinement 
for Sandy O4 at 250 K.  
 
Identification 
code  
Sandy_SC7FeCl2_VT_0
2May18_250K  
Empirical 
formula  
C62.5H56Br4Fe2N18O5.5  
Formula weight  1578.59  
Temperature/K  250.15  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  31.11(9)  
b/Å  14.09(3)  
c/Å  18.74(7)  
α/°  90  
β/°  103.12(18)  
γ/°  90  
Volume/Å3  7999(41)  
Z  4  
ρcalcg/cm3  1.311  
μ/mm-1  2.414  
F(000)  3172.0  
Radiation  MoKα (λ = 0.71073)  
2Θ range for 
data collection/°  
4.462 to 54.372  
Index ranges  
-39 ≤ h ≤ 39, -18 ≤ k ≤ 
18, -24 ≤ l ≤ 23  
Reflections 
collected  
97474  
Independent 
reflections  
8799 [Rint = 0.1178, 
Rsigma = 0.0584]  
Data/restraints/
parameters  
8799/8/449  
Goodness-of-fit 
on F2  
1.063  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0833, wR2 = 
0.2534  
Final R indexes 
[all data]  
R1 = 0.1286, wR2 = 
0.2898  
Largest diff. 
peak/hole / e Å-
3  
1.75/-0.99  
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Table S9.10. Crystal data and structure refinement 
for S5 at 270 K.  
 
Identification code  FL432_a  
Empirical formula  
C61H48Cl4Fe2N18
OS3  
Formula weight  1398.85  
Temperature/K  270(2)  
Crystal system  monoclinic  
Space group  C2/c  
a/Å  43.742(9)  
b/Å  9.975(2)  
c/Å  16.519(3)  
α/°  90  
β/°  102.38(3)  
γ/°  90  
Volume/Å3  7040(3)  
Z  4  
ρcalcg/cm3  1.320  
μ/mm-1  0.705  
F(000)  2864.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
1.906 to 54.198  
Index ranges  
-56 ≤ h ≤ 56, -12 
≤ k ≤ 12, -20 ≤ l ≤ 
21  
Reflections collected  44660  
Independent 
reflections  
7144 [Rint = 
0.1509, Rsigma = 
0.0690]  
Data/restraints/parame
ters  
7144/4/411  
Goodness-of-fit on F2  1.078  
Final R indexes 
[I>=2σ (I)]  
R1 = 0.0998, wR2 
= 0.2653  
Final R indexes [all 
data]  
R1 = 0.1338, wR2 
= 0.3085  
Largest diff. peak/hole 
/ e Å-3  
1.87/-1.42  
 
Table S9.11. Crystal data and structure refinement 
for O5 270 K.  
 
Identification code  p21onn_a  
Empirical formula  
C59H48Cl4Fe2N19
O5  
Formula weight  1356.66  
Temperature/K  270(2)  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  21.673(4)  
b/Å  14.185(3)  
c/Å  28.394(6)  
α/°  90  
β/°  92.98(3)  
γ/°  90  
Volume/Å3  8717(3)  
Z  4  
ρcalcg/cm3  1.034  
μ/mm-1  0.502  
F(000)  2780.0  
Radiation  
MoKα (λ = 
0.71073)  
2Θ range for data 
collection/°  
2.308 to 56.564  
Index ranges  
-28 ≤ h ≤ 28, -18 
≤ k ≤ 18, -37 ≤ l 
≤ 37  
Reflections collected  128804  
Independent reflections  
19901 [Rint = 
0.0675, Rsigma = 
0.0349]  
Data/restraints/paramet
ers  
19901/6/834  
Goodness-of-fit on F2  1.644  
Final R indexes [I>=2σ 
(I)]  
R1 = 0.1196, wR2 
= 0.3746  
Final R indexes [all 
data]  
R1 = 0.1428, wR2 
= 0.4032  
Largest diff. peak/hole 
/ e Å-3  
1.00/-0.91  
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9.4.2 High-Resolution Electrospray Ionisation Mass Spectrometry 
 
 
Figure S9.1. HRESI-MS of C1 showing m/z 355.1606 [L+H]+, 586.1643 [Fe2L3 -2H]2+. The insert shows the 
isotopic distribution of the [Fe2L3 - 2H]2+ peaks, with experimental (bottom) and simulated (top).   
 
 
 
Figure S9.2. HRESI-MS of S1 showing m/z 373.0677 [L+H]+, 613.5220 [Fe2L3 -2H]2+. The insert shows the 
isotopic distribution of the [Fe2L3 -2H]2+ peaks, with experimental (bottom) and simulated (top).   
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Figure S9.3. HRESI-MS of O1 showing m/z 357.0986 [L+H]+, 589.0503 [Fe2L3 -2H]2+. The insert shows the 
isotopic distribution of the [Fe2L3 -2H]2+ peaks, with experimental (bottom) and simulated (top).   
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Chapter Ten - Conclusions 
Structure determines property. Understanding the impact of micro and macro structural 
changes on bulk physical properties of solid-state compounds is crucial in the development of 
fundamental understanding, and of new exciting functional materials. In the field of molecular 
magnetism, particularly spin-crossover (SCO), even the slightest changes in structure can result 
in severe changes to the magnetic susceptibility of the material.1–6 The effects of counter ions, 
solvent, packing, intermolecular interactions, steric contstraints, crystallographic disorder and 
more, all superimpose to provide the experimental magnetic properties observed. Such 
complexity has rendered the various attempts to predict SCO in the solid-state relatively 
system-dependant and not applicable to a wide range of compounds.4,7 In this context, the most 
relied upon method for establishing theoretical models and empirical rules, or generalities, is 
extensive lead-optimization and trial and error.4 More examples, and further in-depth studies 
into large series of SCO compounds are necessary, in order to provide the depth of experimental 
data required to rationalise the more precise influence of particular structural features on the 
spin-transition profile.8 Perhaps, with a more extensive library of magneto-structural 
correlations from a greater variety of chemical systems, the design of future SCO materials, 
possibly for real world devices, will be more informed and not so reliant on time consuming 
trial and error approaches to research.       
In the first chapter, a series of three Ln(II) complexes were synthesised, characterised and 
explored both magnetically and optically, in order to study the effectiveness of the N-
diethylamine substituent as an electron donating group on the commonly employed 
salicylaldehyde ring system.9–11 All three compounds exhibited similar absorption spectra, 
although the Eu(III) complex demonstrated substantially larger lanthanide-based luminesce, 
with characteristic Eu(III) centered peaks at 594, 614, 655 and 683 nm corresponding to the 
5D0→7FJ (J = 1-4) transitions. The Eu(III) centered emission was found to be far more intense 
than the residual ligand emission. This is suggestive of a more efficient sensitisation at the 
Eu(III) metal centre. The lifetime of the Eu(III) centered luminescence was found to be 0.144 
± 0.01 ms. Due to the greater magnetic moment of the Dy(III) metal ion, only this complex 
was measured for magnetic susceptibility. The susceptibility was anisotropic, and showed signs 
of slow relaxation behaviour, which is stereotypic of single molecule magnets. Unfortunately, 
as a consequence of the low blocking temperature, various single molecule magnet parameters 
could not be determined. The N-diethylamine substituent was therefore found to be an effective 
substituent to the commonly employed TRENSAL backbone for luminescence in the Eu(III) 
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compound, and an effective substituent for single molecule magnetism in the Dy(III) 
compound.  
 
 
Figure 10.1. TOG from chapter two, showing the luminescent and magnetic susceptibility measurements of the 
three Ln(III) complexes investigated.  
Chapter 2 explored the application of variable temperature X-ray photoelectron spectroscopy 
(VT-XPS) to monitor the spin-state of Fe(II) centres in a simple mononuclear, high temperature 
SCO complex. The stronger ligand field of the 4-thioimidazoleimine donor moiety, relative to 
the commonly studied 4-imidazoleimine group, was implemented in order to produce a high-
temperature SCO that could be studied using VT-XPS. Experimental T1/2 values of 375 ↓ and 
370 ↑ at 4 Kmin-1 were obtained, with a scan rate induced thermal hysteresis observed; the 
magnetic susceptibility lagging behind the scan rate. Two distinct conformational isomers were 
found in the asymmetric unit, for which the ligand field was reasoned to be equivalent based 
on the single-step spin-transition observed. A rare example of a 400 K single-crystal X-ray 
diffraction structure was obtained with good accuracy. The relatively gradual profile was 
attributed to the limited degree of hydrogen-bonding throughout the crystal lattice, with BF4
-
…H-C non-classical hydrogen-bonding linking SCO cations along the b-axis. Magnetic 
susceptibility experiments were used to calibrate an XPS derived HS-fraction based on the 
measured spectral fraction. The HS fraction of the surface layers could be semi-quantified by 
fitting the spectra at each temperature extreme, then calibrating against the results obtained 
from magnetic susceptibility measurements. A better understanding of SCO in the surface 
layers of SCO materials, as well as more accurate and efficient methods of XPS quantification 
of the HS-fraction in these layers, shows great promise in the magnetic characterisation of thin-
film surfaces for future electronic and sensing devices. In these potential devices, SQUID 
measurements would not be applicable, and further, the nature of XPS only probing the surface 
layers, means that the underlying substrate of such devices would not interfere with 
406 
 
measurements of the Fe(II)2p manifold. These results complement the co-authored study that 
is available in appendix A (reference 4),12 in which a dinuclear triple helicate was investigated 
using XPS. These studies are a good example of a clear splitting of the Fe2p photoelectron 
peaks at intermediate temperatures, demonstrating the changing occupation of the T2g and eg 
orbitals with SCO, allowing semi-quantification of the HS-fraction (Figure 2).  
 
 
Figure 10.2. TOG chapter three, illustrating the use of calibrate XPS to obtain a HS-fraction in a mononuclear 
SCO complex.  
Multinuclear SCO compounds are of great interest to the SCO community, as they allow 
important aspects of cooperativity as well as inter and intramolecular sterics to be studied at 
multiple metal centres that are connected covalently.13–15 It was identified that a large series of 
dinuclear compounds, with small structural variations, would perhaps provide some insight 
into the structure-function relationships of these materials. As such, a series of fifteen relatively 
simple, model Fe(II) dinuclear triple helicate compounds was designed, synthesised and 
characterised both structurally and magnetically to assess the effect of various structural 
modifications on the magnetic susceptibility of these materials. Three separate analogous 
helicate architectures, differing by the steric nature of the ligand, were crystallised with five 
different counter ions, ClO4
-, BF4
-, I-, Br- or Cl-. This yielded fifteen compounds designed to 
exhibit SCO, each with subtle modifications of the helicate structure, counter-ion identity, 
combinations of intermolecular interactions and packing arrangements. Accordingly, this 
investigation sought to systematically discern, either qualitatively or quantitively, how SCO in 
these materials is related to a variety of structural parameters.  Chapters 3-7 explored interesting 
findings from within different series of the fifteen Fe(II) dinuclear triple helicates and were 
prepared with the intent to publish these results. Subsequently, chapter 8 was then the 
summation of the entire series, exploring the structure-function relationships occurring right 
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throughout. By plotting various structural parameters against the results of magnetic 
susceptibility experiments, trends could be identified, analysed and subsequently reasoned.   
The dinuclear triple helicate architecture was chosen on the basis of its previous application to 
the field of SCO,3,12,16–20 as well as the promise it has shown as a biologically active DNA 
binder.21–33 Before recently,17 the majority of SCO dinuclear triple helicates had been reported 
with half-transitions, the helicate cations present as either the [LS-HS] intermediate or a 50:50 
mixture of [LS-LS]:[HS-HS].16,18–20 Full[HS-HS] ↔ [LS-LS] transitions are more favourable 
in regards to potential applications of SCO.34 At the heart of this study lay the question, ‘why’? 
Why are these compounds so frequently trapped in an incomplete spin-transition? Extensive 
studies on other dinuclear systems lead by Murray, Brooker and Garcia and their co-workers,13–
15 led them to the general conclusion that the major factor contributing to the restriction of SCO 
completeness was the intramolecular steric constraints of these architectures. Two SCO metal 
ions connected by, most often, relatively rigid ligands, impose a high degree of strain on the 
system when the conformational rearrangement of two coordination spheres is required. In 
saying this, there are now four dinuclear triple helicate compounds that have been reported to 
exhibit a full spin-transition, the general architecture of which is very similar in all cases.3,12,17 
Therefore, it was reasoned that this general dinuclear triple helicate architecture, utilising three 
ditopic semi-rigid ligands, is indeed capable of undergoing a full [HS-HS] ↔ [LS-LS] spin-
transition in the solid-state. The results of Kruger et al.,3,16 that showed a helicate of a very 
similar design to those explored in this study, found that with a change in solvent from 
acetonitrile to water, the transition could be transformed from a half- to full-transition. Surely 
the presence of an alternative solvent could not single handedly release the conformational 
strain of SCO at the second Fe(II) centre and provide a full spin-transition? We then reasoned 
that the explanation could possibly be one of, or a combination of, two phenomena that solvent 
molecules of crystallisation could modify—intermolecular interactions throughout the crystal 
lattice and the packing of adjacent helicates. Which of these two crystallographic features could 
cause such an immense, and important, change in the magnetic susceptibility of these 
compounds. Our recent work, presented in section A of the appendices (reference 4), on a 
dinuclear triple helicate compound of the same architecture as the -O- series explored in this 
study, although utilising the 4-thioimidaozle donor moiety rather than 4-imidaolze, also 
demonstrated a full [HS-HS] ↔ [LS-LS] spin-transition. Interestingly, no significant 
intermolecular interactions were observed between adjacent helicates. Following this train of 
thought, it becomes apparent that our next conjecture was that intermolecular interactions may 
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now be excluded from further discussion. Finally, we are left with the possibility that the extent 
of conversion of Fe(II) centres from HS ↔ LS may be dependent upon packing of neighbouring 
helicate compounds. The helical shape exhibited in these compounds allows close packing 
throughout the crystal lattice, which would impose steric crowding of the Fe(II) coordination 
spheres and possibly prevent the necessary distortions upon SCO.   
The magneto-structural correlations identified in this series were divided into two categories 
in chapter 8; inter- and intramolecular. Firstly, intramolecular structural parameters refer to 
structural features that occur within individual helicate cations, and includes intrahelical Fe..Fe 
separation, the average C-X-C angle of the ligands, octahedral distortions (∑), Fe-N coordinate 
bond lengths and a variety of other parameters. Larger Fe…Fe distances were found to correlate 
to a reduction in both the completeness of SCO and the T1/2 value. On the other hand, the T1/2 
increased with larger C-X-C angles of L (where X = C, S or O). For the many compounds (13 
out of 15) exhibiting an approximately half-transition, between 40 and 70%, larger octahedral 
distortions in the HS-state (HS∑) demonstrated a more compete SCO. In contrast, the two 
compounds that demonstrated approximately full [HS-HS] ↔ [LS-LS] transitions exhibited 
the smallest HS∑ values. It could therefore be concluded that larger distortions from octahedral 
geometry in the HS-state of these architectures result in more residual paramagnetic Fe(II) 
centres at low temperatures and contributes to these compounds being stuck in the [LS-HS] 
state. When the octahedral distortion values of the HS and LS centres of each helicate 
architecture were compared, a Δ∑ parameter was obtained. This is representative of how 
severely the Fe(II) coordination environment must distort in order for a spin-transition to occur. 
More extensive Δ∑ were found to correlate with lower values of the T1/2.  
Secondly, the intermolecular structural parameters investigated refer to the interactions either 
between adjacent helicates, between helicates and counter ions, or between helicates and 
solvent molecules of crystallisation. Monitoring the dimensionality of X-…H-N (X = ClO4
-, 
BF4
-, I-, Br- or Cl-) hydrogen-bonding at the external coordinating imidazoleimine moiety—
within how many dimensions are adjacent helicates linked by these interactions—it was 
observed that for higher dimensionalities of interconnectivity, two-step transitions were 
slightly favoured, and vice versa for less extensive interconnectivity. There was, however, a 
large region of overlap present in this plot. The number of X-…H-N interactions per helicate 
was only found to correlate to the T1/2 in the -C- series, while the magnetic parameters 
demonstrated no appreciable dependence on the number of solvent…H-N hydrogen-bonds.  
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The two major and more extensive magneto-structural correlations observed in this study were 
the dependence of the T1/2 values on X
-…H-N hydrogen-bond strength and the influence of 
steric crowding of the Fe(II) centres on the completeness of SCO in the material. These two 
outcomes are summarised visually in Figure 3 (below), taken from chapter nine. In the first of 
these, larger X-…H-N distances at the external 4-position N-H (weaker hydrogen-bonding 
interactions) shifted the T1/2 to higher values. The hydrogen-bond distance increased with anion 
size, and, as expected, an almost identical dependence was observed for the T1/2 as a function 
of anionic radius. In order to distinguish which of these two structural parameters was most 
likely the cause of the shift in T1/2 values, the effect of crystal density throughout the series was 
analysed, and consequently, no relationship between T1/2 and crystal density was observed. As 
such, it was concluded that the effect is most likely electronic rather than steric, and thus the 
hydrogen-bonding of the counter ion is the more likely explanation for the observed 
phenomenon. As discussed previously by Tuchagues et al.,1 the X-…H-N hydrogen-bonding 
may cause an inductive redistribution of charge throughout the coordinating imidazole ring, 
changing the electron density of the lone pair of electrons on the coordinating nitrogen, altering 
the strength of the Fe-N bond. With six interactions possible per helicate, three at each Fe(II) 
centre, such an effect would be more prominent. Lower T1/2 values are generally indicative of 
a weaker ligand field, and therefore, the direction with which the T1/2 values were observed to 
shift with hydrogen-bonding distance, towards lower values with stronger interactions, 
suggests that stronger hydrogen-bonding decreases the basicity of the nitrogen donor, and 
subsequently, the ligand field and coordinate-bond order.  
Lastly, the fraction of residual HS Fe(II) centres at low temperatures, the completeness of spin-
crossover, was found to depend upon the extent to which individual helicates throughout the 
crystal lattice are crowded. Congestion at the three most important regions of conformational 
rearrangement upon spin-transition, the middle benzene rings and the two external Fe(II) 
coordination environments (the second of which consists of three imidazoleimine groups), 
would severely hamper the ability of the Fe(II) centres to undergo a spin-transition. The helical 
‘grooves’ formed by the dinuclear triple helicate architecture permits relatively tight packing 
at these three crucial regions of distortion. Tighter helicate packing at these regions of the 
molecule in the [HS-HS] or [LS-HS] states prevents complete transition to the [LS-LS] spin-
isomer, and in the case of O5 (a Cl- salt of the -O- architecture) the helical cations were trapped 
in the [HS-HS] paramagnetic state at low temperatures. Greater conformational freedom 
throughout the lattice permitted access to the [LS-LS] spin-isomer and a full [HS-HS] ↔ [LS-
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LS] transition. In other words, the conclusion of this relationship is that the cause of the 
incomplete transition in these compounds is indeed steric in nature, although it is of an 
intermolecular origin, not intramolecular. The observed correlations of this series of Fe(II) 
dinuclear triple helicates are summarised in Table 1 below. 
As a proof of concept, in chapter seven, two co-crystalline compounds of C3 helicate 
architecture, that demonstrated a half-complete spin-transition, were prepared to induce 
changes in packing arrangement. 1,3,5-Benzenetricarboxylate (BTC2-) and triiodide anions 
were found to space helicates through hydrogen-bonding and steric mechanisms respectively, 
resulting in a full spin-transition at both helicate Fe(II) centres. On the other hand, 1,4-diido-
2,3,5,6-tetrafluorobenzene (DITFB) molecules were found to ‘lock’ into the helical grooves in 
the [LS-HS] state, connecting helicates in a chain like manner along a single crystallographic 
axis, trapping the complexes in a [LS-HS] state at room temperature and permitting access to 
the [LS-LS] state at low temperatures.  
Table 10.1. A summary of the magneto-structural correlations identified in this series of fifteen Fe(II) dinuclear 
triple helicate compounds (taken from chapter 8).   
Parameters Observed relationship Series for which this is 
present 
Completion Vs 
intramolecular Fe…Fe 
distance 
↑Fe…Fe - ↓completion All 
T1/2 Vs intramolecular 
Fe…Fe distance 
↑Fe…Fe - ↓T1/2 All 
T1/2 Vs C-X-C angle ↑C-X-C - ↑T1/2 All 
T1/2 Vs Δ∑ ↑Δ∑ - ↓T1/2 All 
No. of steps in transition Vs 
Dimensions of 
intermolecular interactions 
↑dimensions - ↑No. of steps collectively 
No. of X-…H-N Vs T1/2 ↓No. of X-…H-N - ↑T1/2 -C- 
T1/2 Vs H-bond distance ↑H-bond distance - ↑T1/2 All 
Steric crowding Vs 
completion 
↑steric crowding - 
↓completion 
collectively 
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Figure 10.3. A plot of χmT Vs T of three compounds 1-3 reported in chapter six, taken from chapter nine, that 
summarises the effect of hydrogen-bonding on T1/2 and steric crowding on the completeness throughout the series 
of fifteen helicates.  
As a final remark, while a range of dependencies have been identified between specific 
magnetic and structural parameters in this chapter, immense care must be taken when inferring 
the extent of these relationships. The major limitation of the prediction of SCO properties and 
making structure-function relationships is the inability to predict or control the crystal packing 
arrangement. Variability of the presence and interactions of solvent molecules of 
crystallisation, the effect of particle size on the SCO, the ability of minute changes in 
experimental conditions to result in different crystal structures and the vast number of 
electrostatic interactions that are responsible for guiding crystallisation (let alone our yet 
incomplete knowledge of the cooperative transfer of SCO in the solid-state), makes the 
prediction of the SCO properties of a material extremely difficult in the solid-state. Care must 
therefore be taken in assigning structure-function relationships to specific parameters, because, 
as mentioned above, there are countless variables that act coherently throughout the crystal 
lattice to create the bulk solid-state magnetic properties of SCO materials. Furthermore, the 
scientific method employed in this study, and in the vast majority of SCO structure-function 
analyses, are performed in a ‘lead-finding’ or post addendum manner. In other words, a 
hypothesis is made based on the results of experiments, rather than an experiment being 
performed to test a hypothesis. This can often serve as a dangerous method of scientific pursuit, 
although in a field as complex, ambiguous and rich with subtle variables as solid-state SCO, 
these methods serve as the groundwork with which greater frameworks of understanding are 
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built upon. Therefore, in this regard, structure function relationships are vitally important, as 
they can inform our ability to manipulate and improve the SCO properties of particular 
materials, improve our understanding of the SCO mechanism, and lastly, better guide the 
efforts of computational models.        
Future studies will investigate structure-function relationships in metallosupramolecular 
tetrahedra and larger cage architectures. These studies will focus on the structure in relation to 
catalysis, host-guest interactions as well as SCO.   
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